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MARK IV (PLUTONIUM) LOADING IN EBR-I 

by 

R. R. Smith, C. B. Doe, R. O. Haroldsen, 
F. D. McGinnis, and M. Novick 

I. INTRODUCTION 

The recent successful operation of EBR-I with a plutonium loading 
terminated a long ser ies of experiments, which began in August 1951 with 
initial crit icality, and ended in December 1963 with decommissioning. Dur
ing these years , the system operated with four separate and distinct load
ings, three of which were fueled with fully-enriched U^̂ ^ and the fourth and 
last, with metallic plutonium. 

The first of these, Mark I, was fueled with cylindrical slugs of 93% 
enriched unalloyed uranium metal contained in s ta in less-s tee l , NaK-bonded 
jackets.(1 "5) A decided loss in reactivity associated with a gradual fuel 
growth was correct ly identified as the result of fast-neutron damage. Ap
proximately 3.5 x 10 kWh of operation was accumulated before this loading 
was terminated. 

To study the effects of alloying on radiation res is tance, a second 
loading (Mark II) of fuel, consisting of uranium-2% zirconium alloy, was 
installed.(6) As anticipated, the inclusion of this small fraction of z i rco
nium resulted in a significant increase in the integrity of the fuel. A final 
phase of the experimental program was devoted to the analysis of the dy
namic reactor performance under various conditions of power and flow.l ' 
Upon completion of these experiments, operation of the reactor was to be 
terminated and the reactor was to be placed in standby status. One of a 
number of transient experiments conducted with the main coolant flow 
stopped, demonstrated conclusively the existence of an overall , prompt, 
positive power coefficient of reactivity and led inadvertently to a part ial 
melting of the reactor core.^ ' " ' As a consequence of this incident, con
siderable concern was expressed for the safe operation of future fast-
spectrum breeder reac tors . 

To prove there was nothing intrinsically unsafe in the operation of 
such a system, the damaged core was replaced with a loading (Mark III) 
specifically designed and sufficiently flexible to study, in detail, feedbacks 
arising from fuel, coolant, s t ructure , and rod deformation.' ' '^) As the 
resul t of a comprehensive experimental program, concerned mainly with 
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transfer-function and power-coefficient measurements , it was concluded 
that those features responsible for the instability noted in the ear l ie r load
ings could be eliminated by rather elementary changes in mechanical 
design.(11-13) 

The operation of the Mark IV core, fueled entirely with plutonium, 
introduced a variety of problems which required careful scrutiny before 
loading and eventual operation. (14) Although many problems were of a 
more or less conventional nature, others were complicated by physical, 
chemical, and neutronic properties peculiar to plutonium. The low melting 
point of the fuel, the tendency to deform under s t r e s s , its toxicity, and the 
small value for Pgjj- constituted sources of hazard not usually encountered 
in U -fueled systems. 

In retrospect , the most immediate benefit resulting from the r e 
fueling and operation of EBR-I with plutonium is the reassurance that there 
is nothing inherently unsafe or dangerous in the operation of a plutonium-
fueled system. Of a less tangible nature are the benefits that come from 
practical experience, as , for example, the actual handling of the fuel and 
the routine day-to-day startups and shutdowns of the system. Such a s su r 
ance assumes added significance when it is realized that, at one time, the 
operation of EBR-I was characterized by instability problems. The eventual 
elimination of the source of instability, and the successful operation with 
plutonium fuel, conceivably could influence the siting of future fast r eac tors . 

More tangible benefits of the Mark IV experiments may be found in 
the results of two ser ies of measurements: an analysis of the dynamic 
character is t ics of the system,(15) and an evaluation of the breeding ratio.(1°) 
A discussion of these resul ts , along with summaries of observations relevant 
to routine reactor operations, constitutes the subject of this report . 
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II. DESIGN 

A. The Necessi ty of a Liquid-metal Coolant 

Most power-producing fast systems current ly in operation or envis
ioned for future use are character ized by a common distinguishing feature, 
the use of a liquid-metal coolant. Usually, molten sodium or an alloy of 
sodium and potassium, NaK, is used for this purpose. Both have excellent 
heat - t ransfer propert ies which permit the efficient removal of heat from 
small , high-power, density sys tems. What is more important, however, is 
the necessi ty for perpetuating the chain reaction with essentially unmod-
erated fission neutrons. Unless the neutron spectrum is "hard," an 
intolerably large fraction of neutrons undergoes parasi t ic capture in the 
fuel, coolant, and s t ructure . The use of NaK or Na assures a high-energy 
spectrum and, consequently, a satisfactorily high breeding ratio. 

B. Description of the System 

Although details pertaining to the reactor and auxiliary components 
have been previously given,(1^) it is nevertheless instructive to review 
those features that promote a general understanding of the EBR-I system. 

The reactor is unmoderated and heterogeneous and was designed 
for full-power operation at a thermal output of approximately 1 MW. To 
permit the efficient removal of heat under high-power density conditions 
(180 kW/li ter) , and to minimize neutron moderation, a potassium-sodium 
eutectic (NaK) is used as a coolant. 

The coolant flows under gravity from an elevated supply tank down
ward through a low-density inner blanket, upward through the core, through 
a pr imary-secondary heat exchanger, and into a receiving tank in the base
ment. A pump, operating at a capacity slightly greater than the main coolant 
flow, returns the coolant to the gravity supply tank. An overflow system, 
connected from the supply tank to the receiver , guarantees a constant level 
of delivery. 

Heat from the secondary coolant (also NaK) may be removed in 
either of two ways: through the generation of steam, which is used to drive 
a conventional turbine-generator , or through a fan-cooled load dissipator. 
Because the p r imary coolant is intensely radioactive during operation and 
immediately following shutdown, all p r imary components a re enclosed in 
concrete-shielded cells. The secondary coolant, on the other hand, is non
radioactive and, accordingly, requires no shielding. 

Of the total thermal power generated in the system, approximately 
16% is produced in a massive movable reflector which surrounds the 
p r imary reactor tank. The reflector originally consisted of an assembly 
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of s ta inless-s teel -c lad, keystone-shaped, uranium bricks. The entire a s 
sembly, weighing approximately 5 tons, is mounted on a pedestal which 
may be raised or lowered relative to the core. A forced circulation of air 
through finned-cooling holes in the bricks removes heat generated through 
fission and gamma absorption. Twelve s ta in less-s tee l -c lad uranium rods, 
which penetrate holes in the vertical columns of br icks, serve as safety or 
control rods. The reflector serves three purposes: as a dense breeding 
medium for the conversion of U^̂ ^ to Pu^^', as a coarse control of r eac 
tivity, and as a means of rapid reduction in reactivity in the event of a 
s c ram signal. 

The inner tank assembly consists of several hexagonally-shaped, 
s ta in less-s teel subassemblies, filled either with fuel or blanket rods. Fuel 
rods in Mark IV consist of a fuel region, consisting of slugs of Pu-
1.25 w/o Al alloy, and upper and lower blanket regions, containing slugs 
of depleted uranium. Blanket rods located between the fuel region and the 
s t ructure rings contain fertile mater ia l only. 

1. Coolant Systems 

The pr imary and secondary systems contain a NaK eutectic 
which, with a melting point of -12.5°C, is liquid at room temperature . The 
pr imary coolant flows under gravity from an elevated supply tank, through 
the inner blanket and core, through a pr imary-secondary heat exchanger, 
into a receiving tank in the basement. One of two pumps (one d.c. e lec t ro
magnetic and one mechanical centrifugal) returns the coolant to the gravity 
supply tank at a rate somewhat greater than reactor flow. An overflow 
system connecting the supply reservoir to the receiving tank guarantees a 
constant-pressure head and continuous mixing of the contents of both tanks. 
Variations in inlet flow are eliminated, and the large capacity of the tank 
(2700 gal) assures a holdup time long enough to smooth out minor variations 
in reactor inlet temperature. Various components and their relationship 
with one another are i l lustrated in Fig . l . From the viewpoint of safety, the 
gravity tank provides approximately 9 min of full coolant flow in the event 
of pump failure. If necessary, flow from the gravity tank may be throttled 
to provide up to 8 hr of flow at a rate sufficient to remove decay heat. A 
small fraction of the pumped flow is by-passed through a filter clean-up 
system. 

The activation of sodium in the coolant during its passage 
through the core results in the formation of Na^*, a 14.7-hr, hard beta-
gamma emitter. Accordingly, all p r imary components are located in 
concrete-shielded cells. Such areas are completely inaccessible during 
operation but may be entered on a limited basis after a sufficient decay 
period. 



GRAVITY TANK 

GRAVITY TANK OVERFLOW 

TURBO-GENERATOR 

SUPERHEATER 

STEAM BOILER 

r—ECONOMIZER 

CONTROL ROOM 

SHIELD 

REACTOR OVERFLOW 

REACTOR CORE 

HEAT EXCHANGER 

RECEIVING TANK 

RECEIVING TANK OVERFLOW 

MECHANICAL PUMP 

ELECTROMAGNETIC PUMP 

PRESSURE RELIEF 
RUPTURE DIAPHRAM 

SECONDARY SYSTEM 
PUMP ROOM 

PRIMARY DRAIN TANK 
ID-103-135S 

Fig. 1. Reactor System, EBR-I 



14 

2. Shutdown Cooling Systems 

A separate and completely-independent, convection-loop cooling 
system is provided for shutdown cooling. Experience has shown that the 
system is capable of removing decay heat immediately after a s c ram from 
full power. Heat is removed from the loop coolant by means of a finned-
tube, NaK-to-air , heat exchanger. Although the heat exchanger system is 
equipped with a fan, natural convection in both the NaK and air systems is 
sufficient for adequate heat removal. 

3. Secondary NaK-cooling System 

Reactor heat absorbed by the pr imary coolant is t ransfer red 
in an intermediate heat exchanger to the secondary NaK coolant. Two 
options may be exercised in turn in the dissipation of heat from the sec 
ondary coolant. Heat may be dumped to the atmosphere through a bank of 
finned-tube coolers, or it may be used to generate steam. In both cases , 
the system operates as a simple pumped-loop circuit. Since the secondary 
circuit is nonradioactive, most components are readily accessible for 
periodic maintenance and repair . A single mechanical pump, s imilar to the 
pr imary mechanical pump, is used exclusively for loop circulation. Coolant 
is pumped from a receiving tank, through the heat exchanger. Then, de
pending on the type of operation desired, coolant is passed either through 
the steam generator or the finned-tube cooler, and thence back to the 
receiving tank. A small fraction of the pumped flow is by-passed through 
a filter clean-up system. 

4. Steam Generator 

The steam generator consists of three major components in 
which heat is t ransferred from the secondary system: a water heater , a 
boiler, and a superheater. To minimize the quantity of water in the 
system, the steam generator was designed as a forced-circulation, falling-
film-type unit. Baffles in each steam generation tube distribute inlet 
water in the form of a film which travels downward through the tube. Heat 
t ransferred from the counterflowing NaK generates steam which, after 
being superheated, is used to drive a conventional turbogenerator. 

5. Power Generation System 

The electrical output of the generator may be dissipated by 
supplying the EBR-I facility demand or by dumping to a system of fan-
cooled re s i s to r s . For short-duration runs, or for runs at low levels of 
power, the load is normally dissipated through the r e s i s to r s . 

When energy is dissipated by assuming the facility load, the 
reactor power is held constant. Any excess steam is exhausted to the 
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turbine condenser through back-pressure- regula t ing valves. If necessary, 
all s team produced may be passed directly to the condenser. For experi
ments in which the reactor is operated at low inlet tempera tures , the steam 
generation system is bypassed. In this special case, heat is removed from 
the secondary coolant by the air-cooled, finned-tube system. 

6. Reactor Tank Assembly 

The shape of the reactor tank is i l lustrated in Fig. 2. The tank 
and all piping leading from it through the shielding are double-walled. The 
portion of the tank containing the core and inner blanket is 28 in. long and 
15.87 in. in ID. The weight of the vessel is supported by a shoulder formed 
by an increase in diameter at the junction of the lower tank assembly. The 
wall of the lower portion of the inner reactor tank is 5 / l6 in. thick. An 
outer Inconel tank with a wall thickness of l / l 6 in. serves as an emergency 
receiver in the event of inner-tank failure. The tanks are separated by a 
system of ribs running vert ically along the inside surface of the outer tank. 

7. Shielding 

Horizontal and ver t ical cross sections through the reactor 
shielding are shown in Fig. 2. Immediately surrounding the lower portion 
of the reactor tank is the outer blanket (reflector). Located outside the 
reflector is an annular layer of graphite, 18 in. thick and 35 in. high. 
Graphite is used in this region to thermalize and to reflect back into the 
breeding region a fraction of the neutrons that normally would be lost 
through leakage. On the outside of the graphite is a 4-in. cast - i ron course, 
followed by 83-ft of standard concrete. 

The bottom of the reflector is shielded by 41 ft of steel. 
Radiations penetrating this shield s t r eam into equipment cells located in 
the basement directly beneath the reactor . Access to such areas during 
operation is , of course, denied. Radiations emitted upward are absorbed, 
for the most part , in the coolant and in the rod extensions. Transmitted 
radiations are additionally absorbed by two shields on the top of the r e 
actor tank. The lower shield consists of 2 ft of high-density concrete, 
and the upper shield consists of 8 in. of Masonite and iron laminae. Both 
are handled with the 20-ton overhead crane for access to the reactor . 

The locations of holes penetrating the reactor shield are 
i l lustrated in Fig. 2. Six horizontal beam holes are used for the location 
of various nuclear instruments . A single 3-in. hole at centerline eleva
tion, and off-center with respect to the core and blanket, passes com
pletely through the shielding. All beam holes are lined with steel and are 
closed with concrete-fil led steel plugs during operation. An extension of 
the graphite reflector into the concrete shielded region serves effectively 
as a thermal column. 
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Fig . 2. H o r i z o n t a l and V e r t i c a l C r o s s Sect ion t h r o u g h Shield 



Five vert ical holes penetrate the graphite reflector from the 
reactor top. These may be used for the irradiat ion of specimens in a 
reasonably-well- thermalized neutron flux. Special thimbles designed for 
installation in the core or inner blanket regions are provided for the i r r a 
diation of specimens in a fast-neutron atmosphere. 

8. Ventilation and Cooling Systems 

The reactor air supply and outer-blanket-cooling and shield-
cooling exhaust systems are interconnected. A blower provides the supply 
air which is taken from the outside of the building and forced through an 
electrostat ic filter. Cooling air for the shield is pulled from the supply 
plenum by a centrifugal blower located on the outlet side of the shield-
cooling system. Before its re lease through the exhaust stack, the cooling 
air is passed through a bank of high-efficiency fi l ters. 

The reflector cooling system also receives air from the same 
plenum. A posit ive-displacement blower draws air downward through 
cooling holes, through the reflector-support shielding, through teloscopic 
tubes in the elevator s t ructure , and into a plenum chamber. From here it 
is drawn through high-efficiency filters and released through the stack. 

9. Cover Gas System 

All NaK storage tanks, both mechanical circulating pumps, and 
the top of the reactor operate under a controlled atmosphere of purified 
argon at a p ressu re of approximately 5 lb/in. . A similar system operating 
at a slightly higher p ressu re is associated with the secondary NaK system. 

Feed gas, consisting of welding-grade argon, is passed through 
pressure- reducing valves to a purifier, which consists of a s ta in less-s teel 
mesh-packed column of heated NaK. Impurities of oxygen and water are 
removed through chemical action with the NaK. 

10. Reactor Instrumentation 

A block diagram outlining the various channels of nuclear 
information is shown in Fig. 3. Nonnuclear information pertinent to the 
operation of the various systems is gathered by conventional instrumen
tation and is displayed in the control room visually or is regis tered with 
chart r ecorders . Details regarding the many items of equipment are 
summarized in Ref. 14. 

11. Control- and Safety-rod Drive Systems 

There a re 12 s tainless-s teel- jacketed, natural uranium rods, 
each 2 in. in diameter. All 12 rods move vertically in holes penetrating the 
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reflector. Eight of the 12 serve as safety rods and are driven upward into 
the reflector before startup by a rack and pinions driven through a mag
netic clutch. An interlock device requires that all eight safety rods be 
fully inserted before the reflector can be raised to a predetermined posi
tion. The rods are driven upward against springs which act to force the 
rods downward upon an interrupt signal to the magnetic clutches. The 
four control rods are connected to lead screws which are raised and low
ered through V-belt-driven gear boxes. These cannot be scrammed and, 
accordingly, do not participate in a fast shutdown. Each of the 12 rods is 
worth approximately 3 x 10"* Ak/k. 

The reflector is mounted on a hydraulically-driven platform, 
which may be raised or lowered relative to the core. Movement of the 
reflector in its total travel between the fully down and fully up positions 
is worth approximately 5% Ak/k. The elevator mechanism and the shield
ing section upon which the reflector res t s are illustrated photographically 
in Fig. 4. 

ID-201-237 

Fig. 4. Elevator Assembly Showing Lov/er Shield 
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An add i t iona l c o n t r o l of r e a c t i v i t y is p r o v i d e d by a t a p e r e d 
u r a n i u m plug which m a k e s up the bo t t om of the r e f l e c t o r and which m a y 
be d r i v e n p n e u m a t i c a l l y into and out of it . The r e a c t i v i t y w o r t h of the 
s a f e ty plug in i ts t r a v e l be tween m a x i m u m and m i n i m u m w o r t h p o s i t i o n s 
(a d i s t a n c e of 6 in.) i s a p p r o x i m a t e l y 0.054% A k / k . 

The to ta l t r a v e l of the r e f l e c t o r is 80 in. The e l eva t ion r a t e 
for the f i r s t 50 in. is 0.32 i n . / s e c . Be tween 30 and 5.15 m. f r o m the top 
of t r a v e l , the e leva t ion r a t e is s lowed to 0.095 i n . / s e c . At 5.15 i n . , the 
e l e v a t o r c o m e s in con tac t wi th m o t o r i z e d s t o p s , and the e l eva t ion r a t e 
be tween th is point and the top of t r a v e l is add i t iona l ly s lowed to 
0.005 i n . / s e c . An i n t e r l o c k s y s t e m r e q u i r e s that the m o t o r i z e d s t ops be 
d r i v e n downward to the 5 .15- in . pos i t ion be fo re the e l e v a t o r m a y m o v e 
p a s t th is point . R e a c t i v i t y i n s e r t i o n and w i t h d r a w a l r a t e s , b a s e d on e x 
p e r i m e n t a l m e a s u r e m e n t s wi th the n a t u r a l u r a n i u m r e f l e c t o r in p l a c e , 
a r e s u m m a r i z e d in Tab le I. 

Table I 

REACTIVITY CHANGE RATES* 

Addition Speed 

Speed, 
in . / sec A k / k / i s e c Di/s 

Control Rods (4), withdrawal 0.64 
Safety Rods (8) 0.64 
Safety Block (1) 5.00 
Cup (80 to 30 in.) 0.32 
Cup (30 to 5.15 in.) 0.095 
Cup (5.15 to 0 in.) 0.005 

1.1 X 10" per rod 
1.1 X 10"^ per rod 
4.5 x 10"* 

1.6 : 
1.38 

10' 

1.00 per rod 
1.00 per rod 

42.8 

15.2 

1.31 

Scram Speeds 

Time to 
Initiate 

Motion, sec 

Total Time for 
Indicated 
Travel 

Reactivity Change 

% Ak/k $ Inhours 

Control Rods (4) 
Safety Rods (8) 
Safety Block (1) 

Cup 

0.085 
0.15 

0.10 

No s c r a m provision 
0-16 in., 0.38 sec 0.18 0.61 177 
0-6 in., 0.35 sec 0.054 0.18 51. 
0-5.15 in., 0.31 sec 1.38 4.66 1310 
0-12 in., 0.56 sec 4.21 14.2 4000 
Total t ravel 5.82 19.7 5528 

*Cup calibrations based on uranium cup. 

S = 0.00296-



12. Interlock System 

Interlock switches and devices have been incorporated into the 
various auxiliary systems to guarantee that operational conditions cannot 
vary beyond predetermined limits of safety. 

The interlock philosophy concerns three categories of action 
to be taken upon receipt of a malfunction signal. The most serious condi
tions are indicated on an annunciator panel by a red light. Action in this 
case is automatic and is manifested by an immediate fast shutdown 
(scram). Upon the receipt of such a signal, hydraulic p re s su re in a piston, 
holding the pedestal and reflector, is relieved by opening solenoid valves 
to a supply reservoi r . The entire reflector assembly, worth at least 
4% Ak/k, falls away from the lower tank assembly and shuts the reactor 
down. 

A less severe malfunction is indicated by an amber light. In 
this case, action must be taken to correct the malfunction within 2 min or 
the reactor will automatically shut down. The third and final category is 
essentially for minor i r regular i t ies which require attention but which are 
not considered serious enough to warrant an immediate shutdo\wn. Such 
i r regular i t ies are announced by a blue light on the annunciator panel. A 
malfunction in any category is announced by a IClaxon horn, which is 
silenced by press ing an acknowledge switch. 

C. Inner Tank Assembly 

The inner tank assembly of the Mark IV reactor is the same as that 
used in the Mark III reactor and consists of the supporting s t ructure , core 
clamps, coolant plenums, flow control valves, etc., and 19 hexagonal c r o s s -
section-shaped boxes in the center, arranged in a hexagonal ar ray . Seven 
new central boxes constitute the "reactor core ," and the surrounding 
12 boxes constitute the "inner blanket." Each core box is designed to con
tain 60 fuel rods and one central tightening rod. Of the 420 spaces for fuel 
therefore available, the ones over and above those required for fuel rods 
are filled with rods containing depleted uranium. 

The outer boxes each contain 36 blanket rods and a central tight
ening rod. These rods enclose natural uranium, which constitutes the inner 
blanket, and are the same as the ones that were used in the Mark III loading. 

1. Fuel Core Blanket Rods 

Details of a typical Mark IV fuel rod are shown in Fig. 5. Fuel 
and core blanket mater ia l is in the form of metallic slugs arranged end-to-
end in Zircaloy-2 jackets. The jackets have an OD of 0.299 in. and a wall 
thickness of 0.021 in. Three equispaced ribs, each 0.049 in. in diameter . 
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run longitudinally along the active portion of the rod. The ribs serve three 
functions: to provide uniform spacing, to assure maximum radial coupling, 
and to prevent or limit inward rod-bowing effects. 

2. Fuel Material 

The fuel mater ia l consists of an alloy which has the following 
weight compositions: Pu, 98.59%; Al, 1.25%; and impurities (Fe, Cr, Ni, 
and Cu), 0.16%.(14) On an atomic basis , this composition is equivalent 
to 90.0 a/o plutonium, and 10.0 a/o aluminum. The fuel was fabricated 
from two batches of feed mater ia l . One batch (the larger) had the fol
lowing isotopic composition: P u " ' , 95.1 ± 0.01%; Pu^*°, 4.5 ± 0.1%; Pu^^', 
0.44 ± 0.01%; and Pu^*^, a t race . The second batch had the following com
position: P u " ' , 93.2 ± 0.1%; Pu"° , 6.2 ±0 .1%; P u " ' , 0.55 ± 0.01%; and 
Pu , a t race . An average composition established through inventory fig
ures resulted in the following weight percent values: Pu " , 94.4%; Pu °, 
5.1%; P u " ' , 0.5%; and P u " ^ a t race . 

The average density of the alloy viras measured to be 
15.03 ± 0.05 g/cm , and its melting point is approximately 790°C. The co
efficient of l inear expansion over the temperature range 20-425°C amounts 
to 12.5 X 10"' A L / L ° C . The thermal conductivity of an alloy consisting of 
Pu-1 w/o Al (close to that of the Mark IV composition) varies from 
0.022 cal/(cm)(sec)(°C) at 100°C to 0.038 cal/(cm)(sec)(°C) at 400°C. 

One of the most important design cr i te r ia to be satisfied con
sists of a conservative limitation of 450°C imposed on the maximum fuel 
temperature . This requirement is a consequence of two separate effects. 
One is an increased tendency for the fuel mater ia l to flo'w (slump) under 
self-compression for temperatures above 500°C. The other is concerned 
with a phase transition of 6 to 6 + e at approximately 700°C. (See phase 
diagram. Fig. 6.) 

The fuel portion of the rods consists of four plutonium-
aluminum alloy slugs each 2.121 in. long, giving a total core height of 
8.484 in. Depleted uranium slugs, 7.745 and 3.552 in. long, located above 
and below the fuel portion, define the upper and lower breeding blankets, 
respectively. All fuel slugs are 0.232 in. in diameter, and all blanket 
slugs are 0.235 in. in diameter. Die-formed ribs on the surface of the fuel 
slugs position the slugs concentrically in their jackets. A cross-sect ional 
view through the fuel section of a typical Mark IV fuel rod is show^n in 
Fig. 7. The ribs were not rolled into the surface of blanket slugs; a ser ies 
of four "stakes" at upper and lower ends served as a positioning 
mechanism. 
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Fig. 7. 

Cross Section through 
Mark IV Fuel Rod 

NaK ANNULUS 

0,257" DIA 
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A 0.0125-in. NaK-filled annulus between the slugs and jackets 
serves as a heat- t ransfer bond. A gas reservoi r at the top of the upper 
blanket section serves to accommodate the thermal expansion of NaK and 
to provide for the accumulation of r a r e gas fission products. A Zircaloy-2 
transition section is welded to the upper end of the tubular jacket. Threads 
on the upper portion of the transition section engage Type 304 s ta inless-
steel rod handles, which are used for manual manipulation and for radia
tion shielding. To reduce flow resis tance, the region of the rod handles 
between the transition section and the outlet plenum is reduced in cross 
section. At the bottom of each jacket is a Zircaloy-2, tr iangular-shaped 
tip designed for locating and orientating the fuel rods in a hexagonal grid. 

3. Mark IV Core Blanket Rods 

All Mark IV blanket rods are identical with fuel rods, with the 
exception that blanket mater ia l is substituted for fuel. Four slugs of de
pleted uranium, one 7.745 in., two 4.247 in., and one, 3.522 in. in length 
(all 0.235 in. in diameter), constitute the active section of the blanket. 
Such rods were needed to fill in the region between the fuel and the outer 
ring of M-3 blanket assemblies . 

4. Thermocouple Rods 

Special fuel and blanket rods were used to accommodate ther
mocouples for monitoring temperatures in the inner subassemblies. 
Sheath-type thermocouples were led through thimbles running downward 
through the handles, blanket, and fuel to an elevation corresponding to the 
centerline of the core. With the exception of the 0.086-in.-diameter 
thimbles, thermocouple rods are identical in all other respects with the 
respective fuel and blanket rods. Coolant temperatures were monitored 
with thermocouples inserted through special rod handles. 
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Radial Inner Blanket Rods (10) 

The Mark III blanket rods, located in the outer ring of 12 hexes, 
were again used in the Mark IV loading. They consist of 19i|-in- long' 
0.364-in.-diameter, natural uranium-2% zirconium alloy pieces. Cladding 
consists of 0.020 in. of Zircaloy-2 metallurgically bonded to the blanket 
mater ia l through a coextrusion process . Three stabilizing r ibs, 0.054 in. 
in diameter (later ground to 0.046 in.), run longitudinally along the rods. 

6. Fuel and Inner Radial Blanket Assemblies 

A typical fuel or blanket rod assembly for the Mark III core, 
shown in Fig. 8, consists of a hexagonally-shaped tube, 2g in. across 
the flats, with a wall thickness of 0.040 in. At the bottom of the tube is a 
nozzle which fairs the hexagonal shape to that of a cylinder. Resting on 
the nozzle is a hexagonal grid perforated with c i rcular and tr iangular holes. 
Figure 9 indicates the arrangement for the Mark IV core. The tr iangular 
holes receive the rod tips, which, in turn, locate and orient the rods. The 
round holes permit NaK to pass through the grid into the inters t ices be
tween rods. 

The set of holes approximately 3 ft above the lower support 
plate permits NaK to flow from the fuel assemblies into an outlet plenum 
chamber. The upper set of holes is for overflow. 

The blanket assemblies differ from fuel assemblies in the 
following respec ts . Whereas fuel assemblies are designed to accept long-
handled fuel and blanket rods, the blanket assemblies are designed to r e 
ceive short-handled blanket rods only. Fur thermore , blanket assemblies 
contain a set of holes located immediately below the seal plate to admit 
coolant in se r ies flow. While these holes serve as an inlet for ser ies flow, 
they also serve as an outlet for parallel-flow conditions. A seal plate in 
each blanket assembly separates inlet and outlet plenum chambers and 
serves to prevent shor t -c i rcui t flov^. 

7. Rod Arrangement 

A single Mark III radial inner blanket assembly contains 37 rod 
positions, 36 normally occupied with blanket rods and the 37th occupied by 
a centrally-located, expandable tightening rod, which forces the rods out
ward against the hex wall. A tightening rod, shown in Fig. 10, consists 
essential ly of an outer split-tube which is expanded by means of a se r ies 
of Woodruff key-type wedges riding in slots in the center shaft. The ex
pansion is actuated by means of a nut-and-thread arrangement at the top 
of the tightening rod. 
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Because the Mark IV fuel rods are smal ler in diameter , a 
Mark IV subassembly normally contains 60 rods (either fuel or blanket) 
and a centrally located expandable tightening rod patterned after the 
Mark III design. Details relevant to Mark IV tightening rods are given in 
Fig. 10. 

8. Assembly Arrangement 

A cross-sect ional view through the core at midplane is given 
in Fig. 11. While the il lustration refers specifically to the Mark III loading 
in which fuel and blanket rods were superficially identical, it retains suf
ficient usefulness to i l lustrate important s t ructura l features which remain 
unchanged. 

The inner seven subassemblies in the Mark IV loading are filled, 
in part , with fuel rods at the center, and, as necessary , with blanket rods 
along the outside. The outer row of 12 subassemblies are filled completely 
with Mark III blanket rods. 

Located at centerline elevation on each of the six flats (Fig. 11) 
a re double-wedge clamps used to force the outer assemblies inward against 
the center assembly. A second set of six shoe-type clamps mounted along 
the inner edge of the seal plate limits the bypass leakage and serves to 
force fuel and blanket assemblies into a rigid a r ray . 

9. Inner Tank Components 

A cutaway view of the reactor and inner tank assembly is shown 
in Fig. 12. At the bottom of the s t ructure is the tube sheet which receives, 
supports, and locates the nozzles of the rod assembl ies . Immediately 
above the inlet plenum is the seal plate which, through a system of two 
expandable Inconel seal rings, r es t r i c t s the bypass leakage occurring be
tween the tank and the outer edge of the seal plate. The bypass leakage 
occurring between the inner edge of the seal plate and the blanket 
assemblies is res t r ic ted by the seal-plate shoes. 

Under conditions of se r ies flow, the inlet coolant enters the 
annular inlet plenum located immediately below the seal plate and flows 
into the outer ring of 12 blanket assemblies . At the bottom of the blanket 
assembl ies , the flow is reversed 180 degrees, travels upward through the 
seven fuel assembl ies , through the outlet holes at the top, and then radially 
outward through the perforated portion of the blanket assemblies into the 
outlet plenum. 

Under conditions of paral lel flow, the coolant flows into a 
lower annular plenum located immediately above the mounting plate. Here 
the coolant is distributed to the 12 downcomers, through which it flows to 
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the Io\wer plenum. Upward flow through fuel and blanket assemblies is 
partitioned by means of a se r ies of throttle valves. 

The actual flow through the core, both in ser ies and paral lel 
flow, is less than the flow indicated through the metering of the pr imary 
inlet. Of a nominal metered flow of 290 gpm, approximately 16% (47 gpm) 
is bypassed as leakage and for seal-plate cooling in ser ies flow. The r e 
maining 84% passes through the blanket and core. For a metered flow of 
278 gpm in paral le l flow, approximately the same fraction, 84%, passes 
through the core; the remaining 16% passes through the blanket. Coolant 
from the blanket outlet cools the seal plate. 
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III. THE CRITICAL LOADING 

A. Neutron Source 

The neutron source consisted of an activated antimony rod, sur
rounded by a beryllium thimble. As shown in Fig. 11, the source was lo
cated at the inner apex of one of the blanket assemblies . The accomodation 
of the source assembly required the removal of seven blanket rods. 

The antimony rod was irradiated for 21 days at an average flux level 
of 2.94 x lO'^ neutrons/cm^ sec in the MTR. Calculations, based on thermal 
neutron-absorption cross-sect ion data, resulted in an initial source strength 
of 5.7 X 10'° neutrons/sec as of Nov. 27, 1961. Subsequent decay of the S b ' " 
reduced the activity to a value of 9.7 x 10* neutrons/sec at the beginning 
(Nov. 21, 1962) of the critical experiments. To a minor extent, the neutron 
source strength was augmented by neutrons emitted by spontaneous fission in 
the Pu"" content of thefuel. Based on a value of 1.0 x lO^neutrons/sec-gram 
of Pu"° and an eventual loading of 1.46 kg of Pu"° , the contribution from this 
source amounted to only 1.5x lO*" neutrons/sec (0.1 5% of the antimony-beryllium 
source strength). Accordingly, corrections for neutrons liberated in the 
spontaneous fission of Pu"° were not applied to the subcritical data. 

B. Instruments 

The normal complement of flux monitoring equipment, described 
elsewhere,(14) was supplemented by five additional channels of information. 
Information pertinent to these additional channels is summarized in Table II. 

Table II 

SUPPLEMENT FLUX MONITORING FOR CRITICAL EXPERIMENTS 

Channel 

1 

2 

3 

A 

B 

Detector 

West inghouse 
Fiss ion 

l / 2 - i n . gas-f low 
F i s s ion 

l /Z- in . gas-f i l led 
Fiss ion 

Nancy Wood 
B F j 

Nancy Wood 
B F , 

Channel 

1 

2 

3 

A 

B 

Fil l ing 
G a s 

A-2% N 

A-2% N 

B'^Fj 

B '^Fj 

Ini t ial 

i 

I 

Locat ion 

E a s t Ve r t i c a l 
Graphite Hole 

Blanket 
Hex L 

Blanket 
Hex J 

N o r t h - e a s t 
V e r t i c a l Graph 
Hole 

N o r t h - w e s t 
V e r t i c a l Gra ph 
Hole 

Eleva t ion 
below R e a c t o r 

1 0 8 

1 4 4 
1 4 4 
1 3 8 
1 4 2 

Top, in. 

i t e 

i t e 

D I E 

Loading 

1 g 
U " 5 

4 mg 
U235 

6 m g 

30 cm 
p r e s s u r e 
B '^Fj 

30 cm 
p r e s s u r e 
B ' ° F , 

stance f rom 
Core Cen te r l i ne 

36 

A t 
A t 

6 i 

in. above 
c o r e c e n t e r 
c o r e c e n t e r 
n. above 

2 in. above 

Voltage, vol ts 

1900 

3 0 0 

3 0 0 

1500 

1550 
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Nuclear information gathered from each channel described in Table II was 
readable from scaling equipment in the control room. To provide a con
tinuous record of neutron level during loading operations, the signal from 
the Westinghouse fission chamber (Channel 1) was fed to a recording count-
rate meter . An audio-indication of the counting rate, clearly audible to all 
operating personnel, was provided by a loud-speaker system coupled to the 
Channel 1 scaling equipment. 

C. Fuel Loading Operations 

The condition of the core, immediately before the loading of fuel, is 
as follows: an outer ring of 12 hexes filled to capacity with Mark III blanket 
rods, an inner ring of six assemblies filled with dummy rods and Mark IV 
blanket rods, and a central void created by the removal of the central hex. 
To simplify loading operations, all dummy rods (approximately 30 to a hex) 
were located along the inner periphery. 

All loading operations were conducted with the lead cup in its lower
most position. While this procedure provided no shutdown margin, the 
probability of achieving criticality with the cup down was considered incred
ible because of the high shutdown worth of the cup and because incremental 
measurements were taken at intervals after raising the cup. 

D. Approach to Crit ical 

The first loading consisted of 60 fuel rods preloaded in the central 
hex (Channel A). The entire assembly was lifted with the overhead crane 
and inserted in 6-in. increments into position. Subcritical counts with all 
five channels were taken immediately following each incremental insertion. 
Counting resul ts for this and all succeeding loadings are summarized for 
each channel in Tables III through VII. In all cases , correct ions for the 
decay of the antimony source during the 9 days of subcrit ical measurements 
have been applied to the data tabulated. In accordance with established 
operational procedures, subcrit ical counts were repeated each morning for 
the last loading of the previous day- On certain occasions, near the end of 
the subcri t ical experiments, excessive counting ra tes necessitated the 
part ial withdrawal of detectors . The continuity of data given in Tables III 
through VII reflect the application of normalization factors established 
with the detector(s) in the initial and final positions. 

Subcritical counting data were taken with the cup in the following 
positions: fully down, 5.15 in. from the top of t r ave r se , and fully up. In 
all cases , all safety and control rods were fully inserted. 

The approach to cri t icali ty was guided pr imari ly by information 
from Channels 1, A, and B. Little useful information was obtained from 
the two in-core fission chambers (Channels 2 and 3), pr imari ly because 
of their low f issionable-material content. 
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Table i n 

SUBCRITICAL COUNTING DATA. CHANNEL 1 

Loading 

No fuel 
1 
2 

Repeat 
3 
4 

Repeat 
Repeat 

5 
6 

Repeat 
7 
8 
9 

Repeat 
10 
11 

No. of 
Rods 

0 
60 

102 

144 
186 

228 
252 

276 
294 
312 

320 
327 

cpm 

294 
527 
862 
841 

1300 
1864 
1996 
1882 
3172 
3978 
3407 
5159 
7032 
9564 
8014 

10217 
11867 

Cup Down 

1/cpm 

341 X 10-5 
190 
116 
119 
76.9 
53.6 
50.1 
53.1 
31.5 
25.1 
29.4 
19.4 
14.2 
10.5 
12.5 
9.79 
8.43 

Cup at 5.15 in. 

cpm 

422 
674 

1080 
1036 
1599 
2872 
2692 

-4196 
5836 
5376 
8672 

13648 
25722 
22564 
35491 
61326 

1/cpm 

237 X 10-5 
148 
92.6 
96.5 
62.6 
34.8 
37.1 

-23.8 
17.1 
18.6 
11.5 
7.32 
3.89 
4.43 
2.82 
1.63 

cpm 

284 
514 
845 
757 

1531 
2440 
2276 
1938 
3396 
4847 
4632 
7955 

13720 
36372 
32527 
88904 

-

Cup Up 

1/cpm 

352 X 10-5 
195 
118 
132 
65.3 
41.0 
439 
51.6 
29.4 
20.6 
21.6 
12.6 
7.29 
2.75 
3.07 
1.12 

-

Table IV 

SUBCRITICAL COUNTING DATA, CHANNEL 2 

Loading 

5 

6 

Repea t 
7 

Repeat 
8 
9 

Repea t 
10 
11 

No. of 
Rods 

228 
252 

2 7 6 

2 9 4 
312 

320 

327 

C 

c p m 

-
-
71 

108 

158 

199 
172 
142 

190 

239 

up Down 

l / c p m 

_ 
-

14.1 x 10"^ 
9.26 
6.33 
5.02 
5.81 
7.04 
5.26 
4.18 

Cup 

cpm 

79 
172 

104 

166 
142 

2 3 1 
4 2 8 
3 8 4 

5 6 4 

9 8 5 

at 5.15 in. 

l / c p m 

12.7 x 10"^ 
5.81 
9.62 
6.02 
7.04 
4.33 
2.34 
2.60 
1.77 
1.02 

c p m 

8 8 

146 

108 

176 

-
3 4 5 
8 1 0 
7 5 7 

1882 
-

C u p 

11 

1 U p 

l / c p m 

.4 x 10"^ 
6.85 
9.26 
5.68 

-
2.90 
1.23 
1.33 
0.531 

-

Tab le V 

SUBCRITICAL COUNTING DATA, CHANNEL 3 

No. of 
Cup Down 

Loading Rods cpm l / c p r 

Cup at 5.15 in. 

l / c p m 

Cup Up 

c p m c p m 1 / c p m 

9 312 
10 320 
11 327 

58.5 1 7 . 1 x 1 0 " ^ 135 7.41 x l O ' ^ 255 3.92 x 10"^ 
96.2 10.4 192 

392 
5.21 
2.55 

632 1.5f 
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Table m 

SUBCRITICAL COUNTING DATA, CHANNEL A 

Loading 

No fuel 
1 
2 

Repeat 

3 
4 

Repeat 
Repeat 

5 
6 

Repeat 
7 
8 
9 

Repeat 

10 
11 

No. of 
Rods 

0 
60 

102 

141 
1S6 

228 
252 

276 
294 
312 

320 
327 

cpm 

15827 
22883 
30478 
32309 
42641 
60909 
65559 
69489 

101072 
136768 
136042 
182968 
238681 
331063 
330024 
382949 
454223 

Cup Down 

1/cpm 

6.36 X 10-5 
4.37 

3.28 
3.10 
2.35 
1.64 
1.53 
1.44 
0.99 
0.731 
0.735 
0.547 
0.419 
0.302 
0.303 
0.261 
0.220 

Cup at 5.15 

cpm 

7697 
13580 
19824 
21317 

30076 
46903 
50348 

86737 
126699 
127751 
1945Z3 
295932 
562182 
561060 
828784 

in. 

1/cpm 

13.0 X 10-5 
7.36 
5.04 
4.69 
3.32 
2.13 
1.99 

1.15 
0.79 
0.78 
0.514 
0.338 
0.178 
0.178 
0121 

cpm 

4118 
8958 

13910 
16544 
21949 
35845 
38972 
40248 
70551 

107641 
108082 
176246 
296082 
792508 
792423 

1989613 

Cup Up 

1/cpm 

24.3 X 10-5 
11.2 
7.19 
6.04 
4.56 
2.79 
2.56 
2.48 
1.42 
0.93 
093 
0.567 
0.338 
0.126 
0.126 
0.0503 

-

Table VII 

SUBCRITICAL COUNTING DATA, CHANNEL B 

Loading 

No fuel 
I 
2 

Repeat 
3 
4 

Repea t 
Repea t 

5 
6 

Repeat 
7 
8 
9 

Repeat 
10 
11 

No. of 
Rods 

0 
60 

102 

144 
186 

228 
252 

276 
294 
312 

320 
327 

Cup 

c p m 

6257 
8340 

10259 
10661 
13893 
18516 
17946 
17975 
26818 
32578 
32520 
45105 
57550 
78379 
78066 
90940 

104884 

Down 

l / c p m 

16.1 X 10-5 
12.0 
9.75 
9.38 
7.20 
5.40 
5.57 
5.56 
3.73 
3.07 
3.08 
2.22 
1.74 
1.28 
1.28 
1.10 
0.953 

Cup at 

cpm 

2696 
4206 
5738 
5990 
8460 

12295 
11958 

-
19249 
26754 
27259 
42709 
63364 

119955 
118592 
175101 
294855 

5.15 in. 

l / c p m 

37.1 X 10-5 
23.8 
17.4 
16.7 
11.8 
8.13 
8.36 

-
5.19 
3.74 
3.67 
2.34 
1.58 
0.833 
0.843 
0.571 
0.339 

C i 

cpm 

1396 
2653 
3868 

-
6057 
9340 
9027 
9011 

15610 
22659 
23187 
39016 
64983 

173788 
173140 
427367 

-

ap Up 

l / c p m 

71.6 X 10-5 
37.7 
25.9 

-
16.5 
10.7 
11.1 
11.1 
6.41 
4.42 
4.31 
2.56 
1.54 
0.575 
0.575 
0.234 

-

The various loadings a re summarized in Table VIII, and the actual 
inverse counting rates for the three most reliable channels of information 
are presented graphically in Figs. 13 through 15. To avoid confusion, sub-
cri t ical counting information for the 5.15-in. cup position has not been 
plotted. Figures 13 through 15 indicate that the cri t ical mass est imates for 
Channels 1, A, and B amounted to 326 rods, a value in excellent agreement 
with the actual critical loading of 327 rods. Conservative estimates of the 
number of rods required for crit icality with the cup down ranged from a 
low of 366 (Channel A) to a high of 381 (Channel l). Since each value is 
based on a straight-line extrapolation of the inverse counting rate, a 
procedure that ignores the decrease in fuel worth as the radius becomes 



larger, the smallest credible additional number of rods required for 
inadvertent criticality with the cup down is 39. Because rods were added 
in smaller and smaller increments as criticality approached, it is easy to 
understand why an overload sufficient to effect criticality with the cup 
down was considered incredible. 

E. Corrections to the Critical Mass Value 

To arrive at a more meaningful value for the cr i t ical mass , it is 
necessary to apply corrections for the position of control elements at 
criticality, and for the essentially empty thimbles in blanket hexes J and 
L. Subsequent calibration of the cup and control elements led to a value 
of 340 Ih supercriticality with the cup in its uppermost position. Replace
ment of the thimble in hex L with seven Mark III blanket rods resulted in 
a reactivity gain of 417 Ih. Hence, with both thimbles replaced by blanket 
rods, and with the cup in the uppermost position, the system would be 
supercri t ical by 1174 Ih, or 1.237% Ak/k (based on 1% Ak/k = 950 Ih). 
Conversion of the excess reactivity into mass units was made possible by 
the substitution of two Mark IV blanket rods by two fuel rods at the core 
blanket interface. Each substitution amounted to a gain of 112 Ih. Accord
ingly, the removal of 1174 Ih from the system corresponds to the replace
ment of 1174/112 or 10.5 fuel rods with blanket rods. The adjusted cri t ical 
loading is then 316.5 rods or 27.789 kg of plutonium (all isotopes). Assuming 
an isotopic content of 94.4% (from Table VIIl) the cold, clean, cr i t ical 
mass for Pu^^' is 26.232 kg. Considering calculational uncertainties, the 
value of 27.8 kg (all isotopes) is in fair agreement with the value of 31.5 kg 
calculated by Baker. ( 1 ' ' 

Table VIII 

SUMMARY OF SUBCRITICAL LOADINGS 

Loading No. 

1 1 
2 1 
3 1 
4 1 
5 1 
6 1 
7 1 
8 1 
9 1 

10 1 
11 1 

Date 

1/20/62 
1/20/62 
1/21/62 
1/21/62 
1/23/62 
1/23/62 
1/26/62 
1/26/62 
1/26/62 
1/27/62 
1/27/62 

No. of Rods 

60 
102 
144 
186 
228 
252 
276 
294 
312 
320 
327 

Total Pu, 
All Isotopes, kg 

5.241 
8.937 

12.632 
16.332 
20.029 
22.136 
24.239 
25.818 
27.404 
28.099 
28.715* 

Total 
P u " ' , kg 

4.953 
8.453 

11.941 
15.438 
18.928 
20.924 
22.914 
24.406 
25.899 
26.548 
27.122* 

•Crit ical at 15:00, 11/27/62. 
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F. Subcritical Calibration of the Cup 

The method used for the calibration of the lead cup is based on the 
expression 

Ak 

where n is the counting rate of an in-core fission detector, S is the neutron 
source strength, and Ak is defined as 1 - kgff- Geometry considerations 
and detector efficiency are considered through the proportionality constant, 
c. Equation (l) indicates that n var ies inversely as Ak and that the product 
nAk remains constant for different values of subcriticality. Hence, the 
following relation also holds: 

nzAkz = niAki, (2) 

Ak, = i l i ^ , (3) 

where n, and nj are the neutron counting ra tes corresponding to the negative 
reactivities Ak, and Akj, respectively. Thus, if Aki is known, Ak, may be 
evaluated from the relative counting rates before and after the removal of 
Aki units of reactivity from the system. For EBR-I, it is simple to r e 
move control or safety rods, each of which is assumed equal in worth to a 
calibrated value, in order to evaluate the constant njAkj. Having established 
an average value of niAkj through the consecutive removal of control and 
safety rods, the counting rate n, may be measured for various elevations 
of the cup. The amount of negative reactivity corresponding to each position 
is then easily established from Eq. (3). 

Two detectors were used to monitor neutron flux. One, designated 
as Channel 2, consisted of a gas-flow fission chamber located at midplane 
in hex L. The other designated as Channel C, consisted of an RCL B ' ° F 3 
counter located at midplane in hex J. Subcritical counting data are 
summarized in Table IX. 

The data for Channel C for elevations between 80 and 7.5 in. have 
been normalized for consistency with data from Channel 2 over the same 
region. This adjustment was considered necessary in view of a small 
number of spurious pulses noted in Channel C at low counting ra tes . Above 
7.5 in., corrections were not considered necessary . Effectively, then, all 
information from both channels for elevations between 80 and 7.5 in. is 
based on Channel 2 data. 
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Table IX 

SUBCRITICAL COUNTING DATA 

Cup Pos i t i on , 
i n . 

80 

4 0 

20 

10 

7 . 5 
6 .0 

Channel 2, 
c p m 

185 

183 

2 1 0 

3 0 0 

4 6 9 
6 8 2 

Channel C, 
c p m 

6 1 8 

6 1 1 

7 0 2 

1001 
1570 
2161 

C u p Pos i t ion , 
i n . 

5 .0 

4 . 0 

3 .0 

2 .0 

1.25 

Channel 2, 
c p m 

8 6 8 

1276 
2138 
4750 

19745 

Channel C, 
c p m 

3016 
4517 
7303 

15508 
63600 

With the r e a c t o r s u b c r i t i c a l at a cup pos i t ion of 1.25 in. ( c r i t i c a l 
pos i t ion , 0.98 in .) , c o n t r o l r od No. 2 w a s d r o p p e d and a s u b c r i t i c a l count 
was t aken with bo th c h a n n e l s . T h i s p r o c e d u r e was r e p e a t e d for the 
r e m o v a l s of c o n t r o l r o d s 3, 1, and 4. Safety r o d s w e r e d ropped a c c o r d i n g 
to the following p a i r s : 7 and 8, 1 and 2, and 5 and 6. F ina l l y , the safe ty 
plug was a l s o d r o p p e d in an a t t e m p t to m e a s u r e i t s w o r t h . 

The s u b c r i t i c a l count ing da t a for the two c h a n n e l s c o r r e s p o n d i n g to 
the v a r i o u s r e a c t i v i t y l o s s e s a r e s u m m a r i z e d in Tab le X. The v a l u e s given 
in c o l u m n s (4) and (5) a r e s i m p l y the r e s p e c t i v e p r o d u c t s of the count ing 
r a t e (in c p m ) and the t o t a l nega t ive r e a c t i v i t y (in Ih) r e m o v e d f r o m the 
s y s t e m , if it i s a s s u m e d that one c o n t r o l or sa fe ty rod is w o r t h 30 Ih. 
D i s r e g a r d i n g the f i r s t e n t r y for both c h a n n e l s , a v e r a g e v a l u e s of 9.92 x 
10 and 3.31 x 10 w e r e found for njAkj in Channe l s 2 and C, r e s p e c t i v e l y . 
The wor th of the cup be tween i t s down pos i t ion and 0.98 in. m a y then be 
found f r o m t h e s e c o n s t a n t s and the r e s p e c t i v e count ing r a t e s at the down 
pos i t ion g iven in T a b l e IX. 

Table X 

SUBCRITICAL COUNTING RESULTS FOR CONTROL-SAFETY ROD REMOVAL 

(1) 

Tota l No. of 
Rods Out 

1 

2 

3 

4 

6 

8 
10 

12 

Plug 
A v e r a g e 

(2) 

Channel 2, 
c p m 

29571 
16130 
11066 
8184 
5529 
4139 
3337 
2812 
2420 

(3) 

Channel C, 
c p m 

95441 
53380 
36390 
27259 
18314 
13950 
10867 
10089 
8591 

(4) 
Channel 2, 

njAk], 
cpm X Ih 

8.85 X 10= 
9.68 
9.98 
9.80 
9.95 
9.91 

10.00 
10.10 

9.92 

(5) 
Channel C, 

niAki, 
cpm X Ih 

2.86 X lO' 
3.20 
3.28 
3.27 
3.30 
3.34 
3.14 
3.62 

3.31 
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Hence, for Channel 2, 

k, = i i i i ^ = " • " " " '^' = 5360 Ih; _ "1^1 = 9.92 X 10' 
2̂ ~ n, 185 

and for Channel C, 

lo' 
- - 6 1 8 — = " ^ ° ^ ^ -

The agreement between the values for the two channels is not surprising, 
since the cup down data for Channel C are based, in part, on a c r o s s -
normalization of data for elevations below 7.5 in. The normalization by 
itself, however, cannot account for the exact agreement; this must be 
regarded as fortuitous. 

A subsequent cup calibration (through period measurements) between 
0.98 in. (the cri t ical position) and the fully-up position resulted in a value 
of 168 Ih for the reactivity worth. Hence, the entire t ravel of the cup 
between the fully-down position (80 in.) and the fully-up position (0.00 in.) 
amounts to 5360 -̂  168, or 5528 Ih. If it is assumed that 950 Ih = 1% Ak/k, 
the equivalent value in reactivity units becomes 5.82% Ak/k. 

The cup worth as a function of elevation between the fully-down and 
fully-up positions is summarized in Table XI. Allowance has been made 
for the worth between 0.98 and 0.00 in. The reactivity worth of the cup 

Table XI 

CUP WORTH AS A FUNCTION OF ELEVATION* 

Cup Elevation, in. 

80 
40 
20 
10 
7. 
6. 
5, 
4. 
3. 
2. 
1. 
0. 

,5 
0 
0 
0 
0 
0 
25 
00 

Cup Wor 
Channel 

Inhours 

5528 
6592 
4898 
3478 
2288 
1718 
1313 
948 
633 
357 
218 
0 

th, 
2 

% Ak/k 

5.82 

5.89 
5.16 
3.66 
2.41 
1.70 
1.38 
1.00 
0.67 
0.38 
0.23 
0.00 

Cup Worth, 
Channe 

Inhours 

5528 
5598 
4898 
3478 
2278 
1798 
1278 
959 
622 
382 
220 

0 

;1 C 

% Al/k 

5.82 
5.89 
5.16 
3.66 
2.40 

1.89 
1.35 
0.95 
0.65 
0.40 
0.23 
0.00 

*Uranium Cup. 
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between the fully-up and fully-down positions is plotted in Fig. 16. The same 
information for the region 0 to 7.5 in. is expanded in Fig. 17. The worth 
of the uranium safety plug can also be roughly estimated from the data 
given. Using the data from Channel 2, the more reliable at low counting 
rates , a value of 51 Ih or 0.054% Ak/k was established. 

Period measurements were eventually used to reestablish the cup 
worth over the region 0-4.5 in. The resul ts are given in Fig. 18. A 
comparison of these resul ts with those obtained through subcritical 
measurements (Fig. 17) reveals that the two sets of data are consistent 
within the limits of ±25 Ih. 

0 

1000 

2000 

3000 

4000 

5000 

i 1% A k/k= 950 

\ 

\ 

INHOURS 

r i_ 

1 1 1 1 1 1 1 1 -
30 40 50 60 

CUP ELEVATION, INCHES 

ID-103-1449 

Fig. 16. Uranium Cup Calibration, EBR-I, 
Mark IV, 0-80 in. 
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7e fi k/k= 950 INHOURS 

Fig. n 

Uranium Cup Calibration 
EBR-I, Mark IV. 0-7.5 in. 

CUP ELEVATION. INCHES ID-103-1446 

IVofl k/k = 950 INHOURS 

Fig. 18 
Uranium Cup Calibration. 
EBR-I, MarkIV, from Peri
od Measurements 

ID-103-1454 CUP ELEVATION. 
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Eventually, it was necessary to remove the uranium cup and sub
stitute in its place an essentially-identical cup filled with lead. The 
resul ts of a calibration based on period measurements are presented in 
Fig. 19. A comparison of the relative uranium and lead cup worths at 
3.00 in. reveals that the worth of the lead cup is greater than that of its 
uranium counterpart by the factor 1.19. 

1% a k/k = 950 HOURS 

p 6 0 0 

CUP ELEVATION, INCHES 

ID-103-1458 

Fig. 19. Lead Cup Calibration, EBR-I, 
Mark IV, 0-3 in.. Period 
Measurement 

G. Calibration of Control Rods 

The relationship between period and reactivity (in inhours) was 
established through the basic inhour equation using the delayed-neutron 
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parameters listed in Table XII. The results , i l lustrated graphically in 
Fig. 20, may be used to estimate the reactor period resulting from a 
given reactivity insertion in inhours. 

Table XII 

DELAYED-NEUTRON PARAMETERS 

Delayed-neutron 
Group ^i. 

0.0000917 
0.0007193 
0.0005979 
0.0010182 
0.0003996 
0.0001332 

0.0129 
0.0311 
0.134 
0.331 
1.26 
3.21 

Total 0.0029599 

1* = 4 X 10"^ sec. 
iSgff = 0.00296. 

r/o fl k/k =950 INHOUflS 

Fig. 20 

Reactivity-period Curve, 
EBR-I, Mark IV 

ID-103-1445 
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A typical control-rod calibration curve, based on period-reactivity 
information, is shown in Fig. 21. Since all control and safety rods are 
symmetrically located in the lead reflector, the calibration curve of 
Fig. 21 holds for all 12 safety or control rods. 

ROD POSITION, INCHES 

ID-103-1460 

Fig. 21. Control-rod Calibration, EBR-I, Mark IV, Lead Cup 
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IV. BREEDING GAIN MEASUREMENTS 

The p lu ton ium loading in E B R - I p rov ided an exce l l en t oppor tun i ty 
to c o m p a r e the r e l a t i v e b r e e d i n g m e r i t s of U^'^- and Pu^^ ' - fueled s y s t e m s 
of e s s e n t i a l l y the s a m e s i ze and s t r u c t u r a l c o m p o s i t i o n . In view of the 
m o r e f avorab le n u c l e a r p r o p e r t i e s of P u ^ " (h ighe r V and lower a, r e l a t i v e 
to U^'^), a g r e a t e r b r e e d i n g eff iciency was expec ted for the p lu ton ium 
loading . As d i s c u s s e d below, th i s p roved to be the c a s e . 

The defini t ion used for b r eed ing r a t i o is given by 

F i s s i o n a b l e M a t e r i a l P r o d u c e d ,.s 
F i s s i o n a b l e M a t e r i a l D e s t r o y e d ' 

in which the n u m e r a t o r c o n s i s t s of the to ta l quant i ty of f i s s i o n a b l e m a t e r i a l 
( i . e . , Pu^ ' ' and Pu^^') p roduced in the s y s t e m , and the d e n o m i n a t o r def ines 
the to ta l amount of f i s s ionab le m a t e r i a l (Pu^^', Pu^^', and U^^^) d e s t r o y e d 
by both f i s s ion and p a r a s i t i c c a p t u r e . The b r e e d i n g r a t i o so defined and 
eva lua ted in the M a r k IV m e a s u r e m e n t s should m o r e p r o p e r l y be ident i f ied 
as the in i t i a l b r eed ing r a t i o , s ince a l l m e a s u r e m e n t s w e r e c a r r i e d out 
unde r n o n e q u i l i b r i u m cond i t ions . 

Although the b r e e d i n g r a t i o may be spec i f ied in o the r f o r m s , the 
defense of th i s p a r t i c u l a r defini t ion r e s t s on the foUov/ing a r g u m e n t s : 
( l ) p r e v i o u s defini t ions of c o n v e r s i o n in E B R - I w e r e s i m i l a r l y p r e m i s e d , ( ^ ° ' 
and (2) sufficient e x p e r i m e n t a l i n fo rma t ion is g iven to p e r m i t the eva lua t ion 
of m o r e specif ic def in i t ions . 

R e s t a t e d in m o r e specif ic fo rm, Eq. (4) b e c o m e s 

U (fissions + captures) + Pu^"(fissions + captures) + Pu"'(fissions + captures)' 

(5) 

The p r o b l e m of eva lua t ing the b r e e d i n g r a t i o , then, is e s s e n t i a l l y one 
of e s t ab l i sh ing t h r e e - d i m e n s i o n a l p ro f i l e s for each t e r m in Eq. (5), followed 
by a m a s s i n t eg ra t i on over the e n t i r e vo lume of the s y s t e m ( c o r e and 
b l a n k e t s ) . 

A. U^^^ F i s s i o n and C a p t u r e P a t t e r n s 

The specif ic U^^^ f i ss ion r a t e , defined as the n u m b e r of U^^^ f i s s ions 
p e r g r a m of U , was e s t a b l i s h e d i n d i r e c t l y f r o m o b s e r v a t i o n s of the f i s s i o n -
p roduc t ac t iv i ty induced in en r i ched foils d i s t r i b u t e d at fixed l oca t i ons 
th roughout the v a r i o u s b r e e d i n g b l anke t s . (1 6) All o b s e r v a t i o n s w e r e c a r r i e d 
out wi th a p r e c i s i o n p u l s e - h e i g h t a n a l y z e r , fed by a 2 x 2- in . H a r s h a w Type S 
I n t e g r a l Line S c i n t i l l a t o r . As an a r b i t r a r y but fixed and r e p r o d u c i b l e 
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reference point, all events having energies greater than 662 keV (the photo-
peak of Cs''*°-Ba''*°) were regis tered and integrated. To eliminate the effects 
of power changes between runs and of radioactive decay, all counting ob
servations were made relative to those car r ied out on a single enriched 
monitor foil, which was i r radiated under identical conditions of power and 
time at a fixed reproducible position in the graphite region. Division of the 
specific counting rate for a given foil by the specific counting rate of the 
monitor foil gave directly the number of fissions-product events detected 
per g r am-sec . To avoid spectral distortions and neutron-streaming effects, 
all foils were sandwiched between slugs of depleted uranium metal. In 
general, the foils were distributed approxinaately at 1-in. vert ical increments 
and l /2 - in . radial increments . Such measurements resulted in a family of 
curves which gave the number of fissions per monitor fission as a function 
of radius for various elevations throughout the blankets. Paras i t ic capture 
effects in U^'^ (to form U^' ) were estimated from the fission profiles and 
values of a25 given ear l ie r for EBR-I by Kafalas et al.t ^9) 

B. Pu Fiss ion and Capture Pat terns 

A s imilar technique was used to evaluate the fission and capture 
profiles for Pu^^'. In this case, the foils consisted of approximately 15 mg 
of fuel-grade plutonium encapsulated in thin aluminum jackets. Alunninum-
clad fuel slugs approximately 1 in. long were used to separate the foils. A 
single foil, located at a reproducible position at core midcenter, was used 
as a monitor. Again, the results of the t r ave r se measurements and counting 
operations were manifested in the form of a family of curves, giving the 
number of fissions per monitor fission as a function of radius, with elevation 
appearing parametr ical ly . Paras i t ic captures in Pu were estimated from 
the fission profiles and values of a49 given by Kafalas et a l .^ '" / 

C. Pu^*° and Pu^*' Fissions and Captures 

Since Pu '̂*" and Pu^'*' were not available in the pure form in suf
ficient quantities, it was necessary to evaluate fission and capture effects 
in these species indirectly. Effective c ross -sec t ion values were estimated 
from cross -sec t ion sets given in Yiftah et al.,(20) which, in turn, were 
weighted for an EBR-I type spectrum.(^1) Fission cross-sec t ion values 
obtained in this manner amounted to the following: Pu , 1.81 barns; Pu , 
0.950 barn; and Pu^*', 2 .00barns. Capture values, on the other hand, were 
estimated to be: Pu^*°, 0.20 barn; and Pu^'", 0.20 barn. If it is assumed, 
as a f i r s t -o rde r approximation, that the fission yields and effective fission-
product half-lives are the same for fission in each of the three species, the 
specific fission rate was apportioned, according to c ross section, between 
the various species. 



52 

U ' Capture Patterns 

Capture patterns for U '̂̂  were evaluated indirectly through obser
vations of the 106-keV photopeak of Np^^' generated in depleted uranium 
foils distributed throughout the various blankets. The use of this approach 
presupposes the application of accurate corrections for the effects of fis
sion products generated through threshold fission in U^^'. The technique 
developed for the separation of the fission-product component, described 
in detail elsewhere, '1"/ is based on an experimental measurement of the 
ratio of fission-product activity in a fixed, high-energy band (where Np^^' 
activity is missing) to that in a fixed, low-energy band, which effectively 
straddles the N p " ' 106-keV photopeak. 

An illustration of this concept is provided by Fig. 22, which gives 
the gamma spectrum associated with a depleted uranium foil which, in turn, 
had been irradiated in a hard neutron spectrum. One band, designated as 
A, includes the integrated response over the energy region 87 to 123 keV. 
The other band, designated as B, includes the integrated response of all 
events having energies greater than 662 keV. All events in Band B are the 
result of gamma transitions from fission products formed either by threshold 

T T T T T 

103-445 

Fig. 22. Definition of Bands A and B 
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fission in U^̂ ^ or by fast fission in a 0.22% contamination of U^'^. Events 
falling in Band A, on the other hand, include the following connponents: 
(l) Np^^' and Pu^" gammas and Pu^" K X-rays and (2) fission-product 
gannmas and uranium K X-rays , the latter originating from the conversion 
of weak fission-product gammas in uranium. The first of these is specifi
cally associated with the decay of Np and is, accordingly, the signal of 
interest . The second, a background component, is directly the result of 
fission-product activity. 

To establish the ratio of fission-product activity in Band B to that 
in Band A, ( B / A ) £ , measurements were car r ied out on radiochemically-
separated samples of U^'^ and U^̂ ^ fission products. The resul ts demon
strated that for cooling periods longer than 35 hr, the ratio (B /A)£measured 
for U"^ was indistinguishable from that measured for U^^ .̂ With this fact 
established, s imilar measurements were conducted on a set of depleted and 
enriched foils that had been irradiated under identical conditions of time 
and neutron flux at the center of the core . Using the enriched foil data to 
correc t for the effects of U^'^ fission products in the depleted foil, a curve 
giving the time dependence of (B/A)fp was established. Thus, for any given 
i r radiated depleted foil and for any specified cooling period in excess of 
35 hr, a simple measurement of the Band B response permits a direct 
evaluation of the Band A fission-product activity. Subtraction of this com
ponent from the gross Band A response yields the Np activity. 

The reliability of the method was tested by following the half-life 
of the Np ^' component in a foil that had been irradiated under extremely 
hard neutron-flux conditions at the center of the EBR-I core . Since the 
measured half-life was in excellent agreement with the commonly accepted 
value, it may be concluded that the method is satisfactory. The technique 
was part icularly useful since hundreds of foils could be consecutively 
analyzed over a reasonable period of t ime, i.e., 6 to 12 hr . 

E. U"^ Fiss ion Pat terns 

While the effects of fast (threshold) fission in U^̂ * are not considered 
in the definition of breeding ratio [see Eq. (5)], a substantial fraction of the 
total fissions occurs in this species. Since no credit is taken for U fis
sions, the effects a re manifested in the form of a bonus. The only extra 
information needed for an evaluation of this effect is a relative measurement 
of the number of fissions occurring in U^^ .̂ Such information was obtained 
indirectly by comparing the Band B counting rate for any given t raverse 
foil with the Band B counting rate of the depleted monitor foil (located at 
the interface of the core and the upper blanket). A portion of the total 
fission-product activity generated in any given depleted foil a r i s e s through 
fission in the 0.22% content of U^^ .̂ For the most part , such effects were 
small and were satisfactorily estimated from information gathered in the 
enriched foil t r ave r se s . Such measurements resulted in a faimily of curves 
giving the number of U fissions per monitor fission as a function of 
radius, with elevation appearing parametr ical ly . 
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F . I n t e g r a t i o n of F i s s i o n and C a p t u r e P a t t e r n s 

To c o m p a r e a l l t r a v e r s e r e s u l t s on a c o m m o n p o w e r - t i m e b a s i s , 
r a d i o c h e m i c a l a n a l y s e s w e r e conducted on a c o m p l e t e se t of m o n i t o r fo i l s , 
e ach of which had b e e n i r r a d i a t e d s i m u l t a n e o u s l y at the r e s p e c t i v e m o n i 
t o r i n g l o c a t i o n s . A n a l y s e s for to ta l f i s s i o n s in the p l u t o n i u m m o n i t o r foi l 
w e r e c a r r i e d out by the I C P P A n a l y t i c a l Sec t ion of P h i l l i p s P e t r o l e u m 
Company . (^^ ) A n a l y s e s for t o t a l f i s s i ons and c a p t u r e s in the d e p l e t e d foil , 
and for to ta l f i s s i ons in the e n r i c h e d foil, w e r e conduc ted by A r g o n n e p e r 
sonne l at A r g o n n e , I l l ino is . (^3) ^ m a s s i n t e g r a t i o n of the v a r i o u s f i s s i o n 
and c a p t u r e p a t t e r n s over the vo lume of the s y s t e m r e s u l t e d in v a l u e s for 
the to ta l n u m b e r of c a p t u r e s and f i s s i o n s p e r m o n i t o r even t . M u l t i p l i c a t i o n 
by the r e s p e c t i v e va lue obta ined f r o m the r a d i o c h e m i c a l a n a l y s e s gave 
d i r e c t l y the t o t a l n u m b e r of f i s s i ons and c a p t u r e s for the v a r i o u s s p e c i e s . 
The r e s u l t s a r e s u m m a r i z e d in Tab le XIII. 

Tab le XIII 

SUMMARY O F FISSIONS AND C A P T U R E S 

S p e c i e s F i s s i o n s C a p t u r e s 

U"^ 0 . 1 4 2 9 x 1 0 ' ^ 0 . 0 3 6 2 x 1 0 ' ^ 

P u " ' 0 . 9 1 4 6 x 1 0 ' * 0 . 0 8 4 1 x 1 0 ' * 

P u " " 0 . 0 2 5 9 x 1 0 ' * 0 . 0 0 5 5 x 1 0 " 

Pu^^' 0.0054 X 10'* 0.0005 x lO'* 

U"* 0.251 X 10'* 1.492 X 10'* 

Subs t i tu t ion of v a l u e s f r o m Table XIII into Eq. (5) r e s u l t s in a 
b r e e d i n g r a t i o of 1.27 ± 0 .08 , w h e r e the p r e c i s i o n l i m i t s have b e e n e s t a b 
l i shed in a m a n n e r p r e v i o u s l y given in de t a i l . ( ^ " ) 

G. F a s t - f i s s i o n Bonus 

By defining the f a s t - f i s s i o n bonus a s the r a t i o of the n u m b e r of 
f i s s i o n s in f e r t i l e m a t e r i a l to the n u m b e r of a b s o r p t i o n s in f i s s i o n a b l e 
m a t e r i a l , an eva lua t ion of the f a s t - f i s s i o n bonus m a y be ob ta ined f r o m the 
i n f o r m a t i o n of Tab le XIII and the following e x p r e s s i o n : 

_ „ „ _ F i s s i o n s in U"* and Pu^^° 
r r ±5 — / ^\ 

F i s s i o n s and C a p t u r e s in U^" , Pu^^', and Pu^*' ' 

Subs t i tu t ion of p e r t i n e n t v a l u e s into Eq. (6) r e s u l t s in a va lue of 0.23 for the 
f a s t - f i s s i o n b o n u s . It fo l lows, then, that for e v e r y 100 a t o m s of fuel m a t e r i a l 
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d e s t r o y e d , a p p r o x i m a t e l y 21 a t o m s of U^^* and two a t o m s of Pu^''° a r e f i s 
s ioned . Such f i s s i o n s c o n t r i b u t e to the p o w e r p r o d u c e d and s igni f icant ly 
i m p r o v e the n e u t r o n economy . 

H. S t r u c t u r a l A b s o r p t i o n and L e a k a g e 

The ineff ic iency of b r e e d i n g in the E B R - I s y s t e m m a y be e s t i m a t e d 
by c o n s i d e r i n g the b a s i c n e u t r o n b a l a n c e equa t ion g iven by 

BG = b r e e d i n g ga in 

^ Xi(Vi- 1 - a i ) + X^iVz- 1 - g ; ) -f X3(V3- 1 -a3) + F4(V4- 1) + F,{v^- 1) - (A-fL) 
X,( l -^a , ) + X2(l+a2) + X3(l-^a3) ^^^ ' 

w h e r e Xj, Xj , and X3 a r e the f i s s ion f r a c t i o n s for U , Pu , and Pu , 
r e s p e c t i v e l y , and w h e r e F4 and F5 a r e , r e s p e c t i v e l y , the f i s s ion f r a c t i o n s 
for U^^* and Pu^*°. The s u b s c r i p t s 1 t h rough 5 r e f e r , r e s p e c t i v e l y , to U^^^, 
Pu^^', Pu^*', U^^*, and Pu^^°. The n u m b e r of n e u t r o n s " w a s t e d " ( i . e . , un 
a v a i l a b l e for c a p t u r e in U^^* and P u ) i s g iven by A -1- L, w h e r e A i s the 
n u m b e r of n e u t r o n s los t t h rough c a p t u r e in s t r u c t u r a l m a t e r i a l s and coolant 
p e r f i s s ion , and L is the n u m b e r of n e u t r o n s p e r f i s s ion leak ing f rom the 
s y s t e m . H e n c e , subs t i t u t i on of the e x p e r i m e n t a l va lue of 1.27 for the 
b r e e d i n g r a t i o into Eq . (7), a long wi th a p p r o p r i a t e v a l u e s for v and a, p e r 
m i t s an e v a l u a t i o n of the combined a b s o r p t i o n - l e a k a g e t e r m , A -I- L. In
f o r m a t i o n f roin Tab le XIII m a y be u s e d to eva lua t e Xj, X^, X3, F4, and F5. 
E s t i i n a t e s of v t h r o u g h a, b a s e d on i n f o r m a t i o n compi l ed by Okrent,!'^'*/ 
c o n s i s t of the fol lowing: vi (U"^) , 2 .50 ; Vz ( P u " ' ) , 2 .90 ; v, ( P u " ' ) , 2 .99; 
Vi (U^^*), 2 . 5 1 ; and v^ (Pu^*°), 2 .77. While a t b e s t a p p r o x i m a t e , v a l u e s of 
0.09 and 0.2 5, b a s e d on the w o r k of Kafa las et a l . , (19) -were a s s u m e d for 
the r a t i o of c a p t u r e to f i s s i on in P u ^ " and U^^*, r e s p e c t i v e l y . Since in for 
m a t i o n w a s not a v a i l a b l e for c a p t u r e in P u , a va lue of 0.10 for 0.3 was 
a r b i t r a r i l y a s s u m e d . Subs t i tu t ion of the v a r i o u s v a l u e s into Eq. (7) r e s u l t s 
in a va lue of 0.66 for the combined l e a k a g e - a b s o r p t i o n t e r m , A -I- L. 

If it i s a s s u m e d that l eakage and s t r u c t u r a l a b s o r p t i o n effects a r e 
the s a m e for a l l n e u t r o n s , i r r e s p e c t i v e of t h e i r o r i g i n s , the s ign i f icance of 
the above eva lua t i on l i e s in the fact that a p p r o x i m a t e l y 0.66 n e u t r o n p e r 
we igh ted f i s s i l e a b s o r p t i o n d i s a p p e a r s th rough a b s o r p t i o n p r o c e s s e s in the 
s t r u c t u r e and coolan t and th rough l eakage f r o m the b r e e d i n g b l a n k e t s . In 
e a r l i e r c o n v e r s i o n r a t i o m e a s u r e m e n t s on a U -fueled E B R - I s y s t e m , 
K a t o ( l ° ) e s t i m a t e d a combined a b s o r p t i o n - l e a k a g e va lue of 0 .44. The dif
f e r e n c e b e t w e e n the e a r l i e r va lue and the va lue g iven above inay be ex 
p l a ined , in p a r t , on the b a s i s of s t r o n g d i f f e r e n c e s in b l anke t vo lume 
f r a c t i o n s . In e a r l i e r loadings ( i . e . , M a r k s I and II), the u r a n i u m content of 
the o u t e r r a d i a l b lanke t w a s 71 v / o . In the change f r o m the M a r k II to the 
M a r k III loading (hence , M a r k IV), the u r a n i u m con ten t w a s r e d u c e d to 50%. 
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The change also effected an increase in values for the volume fractions of 
s t ructural inaterials and coolant. F rom these considerations, it seems 
likely that the absorption and leakage te rms (i.e., A and L) are larger for 
the Mark IV system, and that the difference between the values of 0.44 and 
0.66 is real. 

I. Axial and Radial Plots of Fission and Capture Events 

The information gathered in the Mark IV breeding-gain measu re 
ments may be used to construct axial and radial plots of fission and, in 
certain instances, capture events for the various species. To permit a 
cri t ical comparison between the various data, all events have been nor
malized to unity for Pu^^' fissions at core midcenter. All intensities are 
given in te rms of fissions or captures per gram of mater ia l . 

A radial t ransverse for Pu^^' and U^̂ ^ fissions is given in Fig. 23. 
A slight extrapolation of the Pu^^' fission data to the edge of the core r e 
sults in a value of 1.50 for the center-to-edge fission ratio at centerline 
elevation. The relatively slow decrease in the specific U ^ fission rate 
with increase in core radius reflects a softening of the neutron spectrum 
through elastic and inelastic scattering processes . At the outer edge of 
the outer blanket, the specific fission rate tends to increase. Such behavior 
is the result of neutrons that are degraded in energy in the graphite reflector 
and are scattered back into the breeding blanket. 

The distribution of specific Pu^^' and U^^' fission ra tes along the 
vertical axis of symmetry is given in Fig. 24. Again, a tendency for the 
U^̂ ^ fission data to flatten at lower and upper portions of the blanket r e 
flects a softening of the neutron spectrum. 

Radial and axial comparisons of specific U^̂ * fission and capture 
rates are given in Figs. 25 and 26, respectively. The specific fission rate 
decreases rapidly with increasing radius as the neutron spectrum becomes 
softer. The specific capture ra te , on the other hand, decreases more 
slowly and actually increases toward the outer portion of the uranium 
reflector. 

The same information, in the form of a, is given for U^'* in Fig. 27. 
The left-hand portion of the figure consists of a radial scan at centerline 
elevation from the edge of the core to the outer edge of the radial blanket; 
the right-hand portion consists of t r ave r ses along the vert ical axis. Again, 
the softening of the neutron spectrum with penetration into the blanket is 
manifested by strong changes in the ratio of capture to fission. 
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V. OPERATIONS 

The o p e r a t i o n a l h i s t o r y of the M a r k IV loading is s u m m a r i z e d in 
t a b u l a r f o r m in Tab le XIV and in g r a p h i c a l f o r m in F ig . 28 . E x c e p t for 
s p e c i a l e x p e r i m e n t s , the u s u a l m o d e of o p e r a t i o n involved the g e n e r a t i o n 
and d i s s i p a t i o n of e l e c t r i c a l e n e r g y t h r o u g h r e s i s t a n c e h e a t i n g . To p e r 
m i t th is me thod of h e a t d i s s i p a t i o n , in le t t e m p e r a t u r e s w e r e m a i n t a i n e d 
in the v ic in i ty of 200°C. 

Table XIV 

OPERATING STATISTICS FOR THE MARK IV LOADING 

Period 
Ending kWh, Thermal 

Accumulated 
kWh, Thermal kWh, Elec t r ica l 

Accumulated kWh, 
Elec t r ica l 

1/31/63 
2/23/63 
3/31/63 
4/30/63 
5/31/63 
6/30/63 
7/31/63 
8/31/63 
9/30/63 
10/31/63 
11/30/63 
12/31/63 

0 
0 

206 
39920 
53035 
75018 
8324 
61861 
78261 
79696 
102928 
78201 

0 
0 

206 
40126 
93161 
168179 
176503 
238364 
316625 
396321 
499249 
577350 

0 
0 
0 
0 

230 
970 
600 
1900 
5700 
5400 
7100 
4200 

0 
0 
0 
0 

230 
1200 
1800 
3700 
9400 
14800 
21900 
26100 

Fig . 28. E B R - I , M a r k IV, P o w e r P r o d u c t i o n 
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The low electr ical efficiency indicated from the data of Table XIV 
and Fig. 28 reflects the consequences of one-shift operation. Before steam 
can be generated and passed to the turbine-generator , a considerable frac
tion of the total thermal output nnust be expended each day in reaching oper
ating tempera ture . 

A. Burnup of Fuel 

With the imposition of simplifying assumptions, the values in 
Table XIV for accumulated thermal output may be used as a basis for eval
uating burnup effects in the fuel mater ia l . 

The energy released in fission is divided among several processes , 
some of them prompt, and some of them strongly delayed in time. The var 
ious components and their approximate magnitudes are summarized in 
Table XV. 

Table XV 

ENERGY RELEASE FROM U"^ FISSION 

Process Energy, MeV 

Instantaneous 

1. Fission fragments 168 
2. Fission neutrons 5 
3. Prompt gammas 5 
4. Capture gammas 7 

185 

Delayed 

1. Fission-product betas 7 
2. Fission-product gammas 6 
3. Beta-gammas from capture products 2_ 

15 

For a system such as EBR-I, which operates cyclically (i.e., for 
6-8 hr /day) , a small fraction of the total energy released will be dissipated 
during shutdown when power is not being monitored. The remaining fraction 
of the delayed energy re lease is automatically considered in the value given 
for the accumulated thermal output. As sunning an operation of 7 hr /day, for 
example, it may be shown that the thermal output not considered during the 
shutdown period is substantially less than 1% of the total and may, accord
ingly, be neglected. 
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The amount of fuel destroyed by fission may be found from the accu
mulated thermal power of 577 MW-hr and the energy re lease from fission. 
For this purpose, it will be assumed that the energy released from the fis
sion of P u " ' , Pu"", and Pu^*' is the same as that given in Table XV for U " ' . 
It may be shown that the destruction of one gram-atom of either of these 
species leads to an energy re lease of 5.3 x 10*' kW-hr. Neglecting the small 
differences in atomic weights, it follows that the fission of 1.08 g of Pu ^' 
re leases 1 MW-day of thermal energy. 

To evaluate the burnup, it is necessary to establish the fraction of 
the accumulated (monitored) thermal output that originates strictly in the 
fuel material , since a significant fraction of the monitored output originates 
in EBR-I from U^̂ ^ and U^̂ * fissions in the inner radial-breeding blanket. 
Information pertinent to such an evaluation is sumnmarized in Table XVI. 
Listed under column 1 are the various species which, through fission, con
tribute to the monitored energy re lease . 

Table XVI 

DISTRIBUTION OF FISSIONS IN THE CORE AND 
INNER RADIAL BLANKET, EBR-I, MARK IV 

(1) 

U235 

P u " ' 

Pu"° 

Pu^^' 

U"* 

(2) 

Fissions^ 

0.026^' X 10'* 

0.9146 

0.0259 

0.0054 

0.2025^ 

(3) 

Percentage of Total Fissions 

2.21 

78.00 

2.21 

0.46 

17.12 

"^See Table XIII. 

"Includes fissions in inner blanket only (see Ref. 16). 

In all subsequent evaluations, heat-generation effects in the outer 
reflector will not be considered since the thermal output of this region is 
not reflected in the values given in Table XIV. 

Several definitions of burnup may be given, each of which has a par
ticular significance for a specific reactor . The definition considered most 
appropriate for EBR-1 fuel is essentially that given by Rein,(22) j e_̂  

APE = atom percent fission (fuel only) 

number of fissions 
initial number of heavy atoims X 100. (8) 
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Neglecting the small mass differences between the various plutonium iso
topes, Eq. (8) may be rewri t ten as 

. „ „ weight of heavy atoms destroyed by fission „„ , , APF = 2 . . . '̂  . !~ i X 100. 9 
initial weight of heavy atoms 

Table XVI indicates that of the total 577 MW-hr of thermal energy, approx
imately 80.7% originated from the fission of various plutonium isotopes in 
the fuel mater ia l . Using the value of 1.08 g of fuel destroyed per megawatt-
day, it follows that the destruction by fission of Pu^^', Pu^*°, and Pu^^' 
amounted to 20.2, 0.57, and 0.12 g, respectively, giving a total of 20.9 g. 
Division of this value by the weight of all heavy isotopes in the operational 
loading, 2.91 x 10* g, resul ts in an average atonn-percent fission burnup of 
0.072%. 

B. Available Excess Reactivity Anomalies 

Before the reactor could be brought to power on any given day, it 
was necessary , in accordance with standard operational procedure, to 
establish the total excess reactivity available. Compliance with this pro
cedure assured that any large unanticipated change in reactivity would be 
revealed at a power slightly above source level. The procedure involved 
the following steps: (l) establishing cri t ical control positions at low power, 
(2) determining the excess reactivity available in the system through control-
calibration curves, and (3) adjusting the total excess reactivity available to a 
standard system temperature of 100°C. Day-to-day variations in the system 
temperature were considered through a correction based on the isothermal 
temperature coefficient of -3.0 Ih/°C. A considerable backlog of experience 
indicated that cr i t ical positions, adjusted for temperature variations, were 
usually reproducible on a day-to-day basis within the limits of ±10 Ih. For 
the Mark IV loading, however, strong anomalies were noted in the daily 
available excess-react ivi ty log. An inspection of the data revealed that the 
anomalies were in some way associated with changes in the coolant inlet 
temperature . 

In part icular , operation at about 30°C, following a previous operation 
at about 230°C, resulted in a reactivity loss of the order of 40 Ih. Conversely, 
operation of the system at high inlet temperature following a period of low-
temperature operation resulted in a comparable gain. To permit an accurate 
comparison between values measured for the available excess reactivity 
(i.e., to nninimize the effects of temperature corrections), the bulk tempera
ture of the coolant following a hot run was reduced to a value approximately 
the same as that characterizing the low-temperature runs. 

Also considered significant was the fact that operation at full power 
was not vital to the res torat ion phenomenon. Merely increasing the bulk 
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temperature through external heating was sufficient to res to re the reactivity 
loss. The duration of full-power runs had no noticeable influence on the 
magnitude or character is t ics of the anomaly. 

Attempts to associate the anomaly with fuel-rod tightness failed. 
With the tightening rod in all seven fuel assemblies loosened, the assoc i 
ated reactivity loss following high-power, low-inlet- temperature operation 
amounted to approximately 40 Ih. The loss was, however, regained after 
running at full power and high inlet temperature . The complete cycle was 
repeated four additional t imes. In all cases , the reactivity change was r e 
versible with the amount of change approximately the same as that observed 
for similar experiments with the rod system tight. 

Attempts to associate the reactivity anomalies with subassembly 
tightness proved successful. All six core clamps, which press inward 
against the flats of six blanket assemblies , were loosened two turns, or 
about 26 mils across the diameter of the blanket. The reactivity anomaly 
(between hot and cold conditions) increased to a reproducible value of ap
proximately 55 Ih. From these resul ts , it seemed likely that the degree of 
tightness existing between subassemblies had some bearing on the reactivity 
anomaly. 

To explain the anomaly, the following mechanism is postulated. At 
low inlet temperature and full power, the coolant in the central subassem
blies is considerably hotter than the coolant in the outer 12 hexes. Assum
ing that axial expansion is permitted, the inner assemblies undergo a 
preferential axial growth. At normal operational power (950 kW and high 
inlet temperature), the relative growth amounts to approximately 70 mils 
at seal-plate elevation, and 4 mils at core midplane. If the seal-plate shoes 
are tight and the core clamps loose, the inner hexes will tend to remain 
70 mils higher than the lower support plate after the reactor is shut down. 
On the other hand, if the seal-plate shoes are loose and the core clamps 
tight, the vertical displacement of the core, relative to the blanket, will 
amount to only 4 mils . Under normal operating conditions, both sets of 
clamps or shoes are nominally tight and the actual vert ical displacement of 
the core after shutdown most likely lies between the two ext remes . Such an 
effect is, of course, strongly negative. 

To explain the restorat ion of reactivity following high-temperature 
operation (either at power or through external heating), it is necessary to 
postulate an additional mechanism which acts to loosen the shoes and clamps 
upon high-temperature operation and which, accordingly, permits the sus
pended subassemblies to return by gravity to their normal position. A con
sideration of the following concepts leads to the formulation of such a 
mechanism. 
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The operating level of the pr imary coolant in the reactor tank is 
maintained constant at the outlet plenum. The tennperature of all s t ruc
tural components below this point reflects the effects of changes in the 
temperature of the inlet coolant. On the other hand, the temperature of 
upper s t ructural components is not influenced to any significant extent by 
changes in the inlet coolant tempera ture . 

The actuating rod for the core clamps is located inside a guide tube 
which dips below the level of the inlet plenum. The pressure of the inlet 
coolant is sufficient to force inlet coolant up the guide tube, around the ac
tuating rod, and through vent holes at the reactor overflow level. An in
crease in the temperature of the inlet coolant is manifested by actuating 
rod expansion, which tends to loosen the core clamps. Calculations based 
on a 200°C inle t - temperature increase over the length of the actuating rod 
between outlet and overflow plenums indicate a downward growth of approx
imately 0.20 in., an amount which loosens the core clamps approximately 
70 mils on the diameter . 

The actuating rod for the seal-plate shoes is not located in a guide 
tube. Its temperature above the outlet plenum is essentially that of the sur
rounding s t ructure . On the other hand, the tie rods that penetrate the upper 
structure rings are surrounded by spacer tubes, which permit an upward 
flow and subsequent venting of inlet coolant to the overflow plenum. The 
expansion of the spacer in the overflow plenum for a 200°C inlet- temperature 
increase will resul t in an expansion of the upper structure relative to the ac
tuating rod of 15 mi ls , an amount which corresponds to a 60-mil diametrical 
loosening of the seal-plate shoes. Hence, increases in inlet temperature, 
i rrespect ive of power, are manifested by a loosening of the subassemblies at 
two points and permit those that have been displaced vertically to fall, by 
gravity, back to their normal locations. When the temperature of the inlet 
coolant has been reduced, necessary for an excess available reactivity mea
surement, the clamps re turn to their original degrees of tightness. Of the 
total of 40 Ih associated with the anomaly, approximately 20 Ih can be at t r ib
uted to the relative movement of the core with respect to the reflector. The 
remaining 20 Ih is presumably the resul t of strong end-roughening (end-
shape) effects. 

The fact that the magnitude of the anomaly decreases when the seal-
plate shoes are loosened (with the core clamps held tight) suggests that sub
assemblies under low in le t - tempera ture conditions normally tend to "hang 
up" in the vicinity of the seal plate. Loosening of the seal-plate clamps 
eliminates such action and leads to a smal ler ver t ical displacement of the 
core. 

A scrutiny of ear l ier Mark III data leads to the conclusion that s im
ilar reactivity anomalies were present during the operation of that loading. 
But since Peff ^°^ Mark III was much la rger (0.00685 in contrast with 0.00304), 



68 

the anomaly was so small (about 20 Ih) that it was confused at that time 
with normal day-to-day fluctuations. The fact that such an effect appar
ently existed in this loading, which structurally is the same, tends to con
firm the validity of the mechanisms postulated above. 

C. Temperature Measurements 

As discussed in Sec. II-C-4, provisions were made for measuring 
fuel and coolant temperatures at various points throughout the core. Fuel 
temperatures were measured with s tainless-s teel-sheathed iron-constantan 
thermocouples inserted in the fuel. The sheathed leads were accommodated 
by axial holes bored longitudinally through the rod handles. Coolant temper
atures were also measured with the same type of thermocouple inserted in 
coolant channels at the top of the upper blanket through special tubular 
handles. 

Fuel, blanket, and coolant outlet temperatures for a variety of oper
ating conditions are summarized as a function of radius in Figs. 29 through 
31. All fuel temperatures given have been corrected for the effects of the 
longitudinal hole drilled through the fuel mater ial . While fuel and blanket 
temperatures are specified for midplane elevation, coolant temperatures 
apply for an elevation corresponding to the top of the upper blanket. 
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Calculated values of fuel and coolant temperature are plotted as a 
function of e levat ion for a var ie ty of operating conditions in F i g s . 32 
through 36. The max imum fuel temperature occurs for a point 2-3 in. 
above the center of the fuel column. The coolant temperature prof i le , on 
the other hand, is charac ter i zed by a continuous i n c r e a s e of t emperature 
with elevation through the core . 

4 6 0 

4 4 0 

4 2 0 

4 0 0 

se 380 

5 360 

< 
£ 340 Q. 

S 320 

3 0 0 

2 8 0 

2 6 0 

2 4 0 

_ 

-
-

-

1 1 1 1 1 

978 KW 
2 9 9 gpm 
230 °C INLET 

U-BLANKET 1 

1 1 1 1 1 1 1 

/ FUEL 

/ COOLANT 

PLUTONIUM 
1 1 1 1 1 1 1 

1 1 1 

• ' ' 

U-BLANKET 
1 1 1 

4 6 8 10 
HEIGHT ABOVE ROD SHEET-INCHES 

14 19 2 0 

Fig. 32 
Axial Temperature Distribu
tion of Fuel and Coolant 1 in. 
from Center of Reactor; Power, 
978 kW; Flow, 299 gpm 

ID-103-1443 

480 

460 

440 

420 

400 

380 

u 360 

a 340 

i 320 

5 300 

280 

260 

240 

220 

ID-103-1465 

1013 KW 
- 295 gpfn ^ ^ ' 

210" C INLET /""^ 1 

/ ^FUEL 1 

/ ^ / C O O L A N T ] 

U-BLANKET , PLUTONIUM | U-BLANKET 

HEIGHT ABOVE ROD SHEET - INCHES 

Fig. 33. Axial Temperature Distribution of Fuel and Coolant 1 in. 
from Center of Reactor; Power, 1013 kW; Flow, 295 gpm 



71 

460 

440 

420 

400 

3B0 

360 

340 

u 320 

a 300 

2 290 

2 260 

240 

220 

200 

180 

1 1 1 I 1 1 

1120 KW 
_ I75»C INLET 

EXTRAPOLATED FROM 
. 978 KW 

2 3 0 ' C INLET 

, / 

1 

\y 
1 

U-BLANKET | 
1 1 1 II • I 

/ FUEL 

/ COOLANT 

PLUTONIUM 

. 

. 

" 

-

. 

-
U-BLANKET 

HEIGHT ABOVE ROD SHEET-INCHES 

ID-103 -

Fig. 34. Axial Tempera ture Distribution of Fuel and Coolant 1 in. from 

Center of Reactor; Power, 1120 kW; Inlet Temperature , n 5 ° C 

920 

500 -

4 8 0 -

460 

440 

420 

0 400 

S 380 

5 360 
lU 

1 340 
(u 
I-

320 

300 

280 

260 

240 

220 

- | 1 1 r-

1200 KW 
230 'C INLET 

- | 1 1 T" 

EXTRAPOLATED FROM 
978 KW 
230 "C INLET 

HEIGHT ABOVE ROD SHEET-INCHES 

ID-103-1448 

Fig. 35, Axial Temperature Distribution of Fuel and Coolant 1 in. from 

Center of Reactor; Power, 1200 kW; Inlet Tempera ture , 230°C 



72 

3 6 0 

3 4 0 

3 2 0 

3 0 0 

2 8 0 

2 6 0 

2 4 0 

^ 220 

K 200 

K 1 80 
lU 
a. 
S 160 
H 

1 40 

1 20 

1 0 0 

8 0 

-
-

-
-

-
-

-
-
-
-

I l l i l 

12 16 KW 
285 qpm 

75 °C INLET 

1 

U-BLANKET ', 

—1 1 <--• T i l l 

/ FUEL 

/ COOLANT 

PLUTONIUM 
1 1 1 1 1 1 1 

1 1 > 

-
-
-
-
-
-
-
-
-

-
-

U-SLANKET 
1 1 1 

HEIGHT ABOVE ROD SHEET-INCHES 

ID-103 

Fig. 36. Axial Temperature Distribution of Fuel 
and Coolant 1 in. from Center of Reac
tor; Power, 1216 kW; Flow, 285 gpm 

The temperature differentials between fuel and coolant for various 
operating conditions are summarized in Table XVII. All temperatures in
dicated were measured at the geometric center of the core. Columns 3, 4, 
and 5 give, respectively, the temperatures of the coolant at the inlet to the 
core, at the outlet, and at midcenter. Column 6 gives the central fuel tem
perature corrected for material deficiency, and column 7 gives the temper
ature differential between the fuel and the coolant. 

Table XVII 

TEMPERATURE DIFFERENTIALS BETWEEN FUEL AND COOLANT 

( 1 ) 

P o w e r , 
k W 

1216 

9 7 8 

1013 

(2 ) 

Flow, 
g p m 

2 8 5 

2 9 9 

2 9 3 

(3) 

T i n 

7 5 

2 3 0 

2 1 0 

(4) 

Tout 

2 6 1 

4 0 0 

3 8 8 

(5) 

T m i d 

168 

3 1 2 

2 9 9 

(6) 

Tfuel 

3 2 0 

4 2 0 

4 1 0 

(7) 

A T 

152 

133 

132 
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VI. STABILITY STUDIES 

Perhaps the most important phase of the Mark IV experimental 
program consisted of a ser ies of transfer-function and power-coefficient 
measurements which permit ted the drawing of important conclusions re le
vant to the system stability. Since a detailed description of the t ransfer-
function measuring apparatus and experimental results has been reported 
previously,^ ' the foUo'wing discussion will be general in nature and will 
be limited pr imar i ly to a summary of the more important results and 
conclusions. 

A. Zero-power Transfer Function 

In the absence of tempera ture-sens i t ive reactivity-feedback effects 
(i.e., for the case in which nuclear heating effects are negligibly small), 
the kinetic response of the reactor is dictated completely by the delayed-
neutron paramete rs and the effective prompt-neutron lifetime. The devel
opment of the necessa ry mathematics is well-understood and has been 
treated in detail elsewhere.(^5) The expression for the zero-power transfer 
function is 

Go(iaj) = 
An 1 

n p -
iCO.?* 1 + z jl.*{X. + iCD) 

(10) 

where An/n is the fractional change in power originating from a sinusoidally-
varying reactivity Pi^" ^ ^^ '^^ oscillation frequency, .̂  * is the effective 
prompt-neutron lifetime, and Pj and X j a re , respectively, the specific re l 
ative abundance and the decay constant for the i ' " delayed-neutron-emitting 
group. If I*, Pi, and A. j a re known, Go(iCD) may be evaluated as a function 
of frequency from Eq. (10). 

For a thermal system, near ly all fissions occur in the pr imary fuel, 
and since i*, j3j, and X^ a re reasonably well-known, the evaluation of 
Go(ioD), while tedious, is straightforward. For a fast reactor, particularly 
for EBR-I, Mark IV, an evaluation of Go(iCD) is complicated by the fact that 
fissions occur in several species, namely, Pu^^', Pu^*°, U^'^, and U^̂ .̂ 
Since the delayed-neutron pa ramete r s differ for each species, it is neces
sary to establish a set of effective P j ' s and Xj's that describe the average 
propert ies of the delayed-neutron-emitt ing isotopes. As an additional 
complication, the relative worths of neutrons (both prompt and delayed) 
emitted as the result of fission in each species must also be considered. 
Since P u " ' and Pu^^° fissions are limited to the core, while U"^ and U"^ 
fissions are limited to the blanket regions, an evaluation of the relative 
worths of prompt and delayed neutrons involves a spatial weighting. 
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Such an evaluation has been carr ied out by Loewenstein,^ ' who 
has determined the relative number of fissions for each species and the 
relative worths of prompt and delayed neutrons for a three-region system 
consisting of a core and two surrounding blankets of different densit ies. 
The calculations were carr ied out for idealized spherical geometry, with 
consideration given to the replacement of the usual uranium reflector by 
one of lead. Loewenstein has also evaluated the effective spatially-
weighted delay fractions for each species and for each of the six delayed-
neutron-emitting groups. Summation over all groups for each of the four 
species results in an overall effective delayed-neutron fraction of 0.00304. 

Effective values of >̂ i were established by weighting each value for 
each species and for each delay group by the fraction of fissions occurring 
for particular species. The resulting effective parameters for delayed-
neutron emission are summarized m Table XVIII. 

Table XVIII 

EFFECTIVE DELAYED-NEUTRON 
PARAMETERS FOR EBR-I, MARK IV* 

Neutron Group Xj, sec ' /3. 

1 0.01294 0.0000904 
2 0.03125 0.0007098 
3 0.1345 0.0006024 
4 0.3348 0.0010613 
5 1.286 0.0004357 
6 3.361 0.0001452 

Total 0,00304 

*After Loewenstein (26) 

The zero-power transfer function was evaluated as a function of 
frequency from Eq. (10) with the use of an IBM-1620. Input data consisted 
of values given ior^^ andXj in Table XVIII and a value of 4 x 10"' sec for 
the effective prompt-neutron lifetime. The results for both phase and am
plitude are given by the solid curves of Fig. 37. Figure 37 indicates that 
the agreement between experimentally-determined and theoretically-
derived values of the amplitude is satisfactory. 

For frequencies greater than 2 cps, a significant difference exists 
between experimentally-measured and calculated values for the phase of 
the transfer function. It is also apparent from Fig. 37 that as the f re
quency increases , the magnitude of the discrepancy becomes larger . The 
results of previous experiments,(2^) in which a s imilar discrepancy was 
studied as a function of detector distance, demonstrated that as the detector 
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is moved away from the core, the discrepancy at a given frequency in
c reases . Covering the detector with 0.030 in. of cadmium foil decreased 
the discrepancy. Accordingly, the phase discrepancies at high frequencies 
have been attributed to the time required for neutrons originating in the 
core to reach the detector. Such a discrepancy, for a given high frequency, 
is insensitive to power and, once established, may be used as a correction 
for other data sets . Fur thermore , the region of discrepancy, i.e., >2.0 cps, 
is of little pract ical interest since feedback effects at these frequencies 
are essentially nonexistent. 

aoi 0.10 100 

FREQUENCY, CYCLES PER SECOND 

ID-103-1412 

Fig. 37. Zero-power Transfer Function 

At low frequencies, measured values of the phase are consistently 
less negative than calculated values. In fact, a definite trend may be noted 
in the low-frequency phase region with the sense of the discrepancy such 
that its magnitude increases at the lower frequencies. The origin of this 
discrepancy has not been established. One obvious explanation, for ex
ample, concerns the failure to evaluate properly the effective values of 
Pi andXi used in calculations of the zero-power transfer function. 

In separating the feedback from transfer-function measurements, 
it becomes necessary to choose between the two sets of reference phase 
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data (i.e., between experimental and calculated values). Since discrepancies 
of this nature were not experienced in ear l ier studies conducted with the 
same equipment, and since the calculated values were based on a se r ies of 
approximations, it was believed that feedback separations should be based 
on experimentally-determined values of phase and amplitude. 

B. Transfer-function Measurements at Power 

The approach to full power (nominally 1200 kW) from cold clean 
crit ical was carr ied out m the following sequence: 510, 878, and 1193 kW. 
Following each incremental change in power, a complete set of t ransfe r -
function measurements was carr ied out. In general, oscillation frequencies 
ranged from 0.02 to 10.0 cps. 

To study the effects of coolant inlet temperature on the kinetics of 
the system, transfer-function measurements were car r ied out at inlet tem
peratures ranging from 50 to 230°C. Because of a limit placed on the max
imum fuel temperature (450°C), it was not possible to operate at full power 
under conditions of high inlet temperature. The highest power level attained 
for an inlet temperature of 230°C was only 930 kW. Nevertheless, sufficient 
information was obtained to permit a limited analysis of the effects of inlet 
temperature. 

C. Feedback Separation 

Physically, it is difficult to place more than a qualitative in te rpre
tation on transfer-function results alone. It is more instructive to separate 
the reactivity from the transfer function and to interpret the feedback in 
terms of basic time constants and power coefficient. 

From basic servomechanical considerations, the transfer function 
is defined as 

, , Go(icu) 
1 + GO(IGD) H(iaD) 

where G(ia)) is the transfer function under load conditions, Go(icD) is the 
zero-power transfer function, and H(ia)) is the reactivity feedback. A r e 
arrangement of Eq. (11) leads to 

H(ia^) = {l/G(ico)] - [l/Go(ico)], (12) 

where l/G(iu)) and l/GQ{iud) are the corresponding inverse gains. It is a 
simple matter to evaluate H(itD), since l/G(ico) is readily established from 
the experimental results and l/Go(itu) is available from the calculated 
zero-power data. 
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The various feedback results a re compared graphically in Fig. 38, 
in which the real and imaginary components of the feedback are plotted as 
a function of frequency. Since each data set was obtained under different 
conditions of power, flow, and tempera ture , it is difficult to assign any 
immediate quantitative significance to the results il lustrated. Nevertheless, 
the data, taken collectively, indicate significant trends. The fact that the 
feedback enters the third (lower left-hand) quadrant athigh frequencies indi
cates that any credible feedback model must be characterized by at least two 
poles, i.e., two frequency-dependent t e rms in the denominator. The obvious 
increase of feedback with power is expected on a purely mathematical basis 
since feedback is defined as the product of power and the power coefficient 
of reactivity. Although not par t icular ly obvious from Fig. 38, a strong 
temperature sensitivity exists. For example, the amplitude of the feedback 
for 930 kW and 230°C is consistently greater than the amplitude established 
at 1193 kW and 73°C. 

FEEDBACK" 10"' 

0.8 1.0 1.2 
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Kw, 286 GPM, 73 C. 

Kw, 291 GPM, 175 C 

930KW, 294GPM, 230 C. 

-1.4 

ID-103-1418 

Fig. 38. Comparison of Feedback 

D. Feedback Model 

The ultimate achievement of feedback analysis would be a detailed, 
yet understandable, mathematical model which explains all experimentally-
observed kinetic phenomena for all conditions of power, coolant flow rate, 
and temperature . This, of course, is the goal of many analysts, particu
larly those who are assigned the responsibility of predicting the kinetic 
character is t ics of some postulated system. 

The usual approach, in such instances, is one of synthesis. Antici
pated reactivity-feedback effects are incorporated into a credible feedback 
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model which is based, to some extent, on intuition. The substitution of es t i 
mates for power coefficients, time constants, damping pa rame te r s , etc. , into 
the mathematical model leads eventually to a frequency-dependent feedback 
which permits an advanced evaluation of the system stability. How suc
cessful this approach turns out to be depends strongly on the skill of. the 
analyst and the complexity of the system. In general, it seems reasonable 
to assume that the original prediction is not perfect. Once experimental 
information is available, the analyst can return to his synthesis, and by 
shaping various paramete rs , force a better agreement between calculated 
and experimental resul ts . The degree of forcing necessary to effect a 
satisfactory agreement may then be used as a measure of how well the 
model was conceived and how accurately the initial pa ramet r ic values were 
established. For a satisfactory agreement, the analyst believes, with some 
justification, that he understands the origins of the various feedbacks, their 
magnitudes, and their relative phasing. This direct or synthetic approach 
enjoys the distinct advantage that potentially deleterious features in an un
built or untried system may be detected early enough to permit their e l imi
nation or modification in the final design. 

The most important limitation imposed on the synthetic, p reopera
tional, stability analysis is one of failing either to understand or to anti
cipate fundamental feedback mechanisms, which eventually turn out to be 
important. For example, it seems unlikely that even a highly-skilled 
analyst would have anticipated the difficulties experienced with S R E ( ^ ° / or 
with the ear l ier loadings of EBR-I.(^3) 

For extremely small, highly-concentrated cores , such as the 
Mark IV loading of EBR-I, factors beyond the control and the ability of the 
analyst combine to limit the usefulness of the direct approach. As the r e 
sults of many measurements,^ ' including those discussed in this report , 
it is clear that the feedback is strongly dependent on intangibles such as 
clearances between fuel rods, between fuel rods and hexes, and even between 
hexes. Each of these clearance systems is dependent on tempera ture , and 
since jacket and hex materials differ, considerations must be given to dif
ferent expansion properties of the materials involved. Accordingly, the 
treatment of clearance systems on an exact or quantitative basis , over a 
wide range of power and temperature conditions, is not within present 
capabilities. 

As an effective compromise, the analyst may, in such situations, ac
cept the experimental data, and by working backwards, attempt to associate 
the various feedbacks with temperature-dependent physical p rocesses . In 
other words, feedback data resulting from a specified set of operating condi
tions may be broken down into basic time constants and power coefficients, 
each of which, hopefully, may be identified with a specific feedback mech
anism. Finally, if the values of empirical ly-determined paramete rs are 
consistent with those expected from theoretical considerations, the analyst 
may then feel justified in accepting a mathematical model which describes 
the feedback function for a limited range of operating conditions. 
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As a first approximation, the feedback associated with the Mark IV 
loading may be described by a model which includes two general t e rms; 
hence. 

Total Feedback = Prompt Feedback + Delayed Feedback, (13) 

in which the first t e rm defines the feedback associated pr imar i ly with 
power-density changes in the fuel, and the second t e rm describes the feed
back associated with expansion effects in the cladding, coolant, and s t ruc
ture. On a relative bas is , the first t e rm is prompt and the second term is 
delayed. The model follows quite closely that proposed by Kinchin,(^9) and 
later extended by Bethe(30) and by Smith et al.(13) ^Q describe the feedback 
associated with ear l ie r EBR-I loadings. 

Contributing to the first t e r m on the right-hand side of Eq. (13) are 
the following physical effects: (a) expansion of fuel, (b) NaK expulsion from 
the heat- t ransfer annulus, (c) radial expansion of the jackets, (d) slug bowing, 
and (e) jacket bowing. Contributing to the second t e rm on the right-hand 
side of Eq. (13) are the following: (a) NaK expulsion from the core, (b) radial 
expansion of the jackets , (c) jacket bowing, and (d) s t ructural expansion. 
Details relevant to each of these p rocesses are presented in Ref. 15. 

To be s tr ict ly correc t , each effect, along with its character is t ic time 
constant and amplitude, should be considered individually. If this procedure 
is followed, the resul t would be an extremely unwieldy ser ies of feedback 
components, one not easily interpretable in t e rms of basic physical proc
esses. Any attempt to resolve individual relaxation times and gain constants 
from the experimental feedback data (which are poorly defined in the high-
frequency region) would be impossible. Fortunately, some of the individual 
prompt effects are small , some pair off and tend to cancel algebraically, 
and others are character ized by essential ly the same time constant. As 
discussed previously, the exact expansion of the prompt term, [the first 
term on the right-hand side of Eq. (1 3)] may be reduced by a ser ies of rela
tively uncompromising approximations to the following: 

H(ito) (prompt) = , (14) 
1 + lOJTi 

where AQ is the algebraic sum of all prompt reactivity feedback effects 
that act along a time base approximated by the common time constant, Tj. 

In a s imilar manner, and for s imi lar reasons , the second te rm on 
the right-hand side of Eq. (13) j^ay be reduced to 

H(i(B)(delayed) = — ^ . (15) 
(1 + i a ) T i ) ( l + ia jT2) 
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The total feedback sensed by the system is simply the sum of Eqs. (14) 
and (15); hence, 

(16) H(ia.) (total) = - 5 - 7 - ^ + (1 + icoT,)(l + lOjr,) 

Essentially, Eq. (16) is the mathematical result of lumping all prompt and 
all delayed feedback effects into two separate t e rms . Although both te rms 
have been considerably simplified, it is still c lear from Eq. (16) that an 
empirical evaluation of AQ and BQ at low frequencies permits a reasonably 
accurate comparison of prompt and delayed feedback amplitudes. The 
phasing of the two te rms , relative to the sinusoidal forcing function and to 
each other, is dictated by the time constants, Ti and T^. An evaluation of 
these parameters permits considerable insight into the various feedback 
processes . 

Values established for AQ, BQ, TJ, and Tz from experimental data are 
summarized in Table XIX. 

Table XIX 

SUMMARY OF BEST-FIT PARAMETRIC DATA 

Powder, 
kW 

510 
878 

1193 
1120 

930 

Fl ow Rate, 
gpm 

265 
281 
286 
291 
294 

Inb et Te 
°C 

50 
51 
73 

173 
230 

m p . Ao, 
Ak/k 

0.00 X 10"^ 
0.05 
0.10 
0.00 

-0.10 

Bo. 
Ak/k 

0.515 X 10"^ 
1.00 
1.55 
2.30 
2.10 

• ^ 1 . 

s e c 

0.40 
0.50 
0.50 
0.35 
0.40 

Tz. 
s e c 

1.78 
1.37 
1.41 
2.15 
2.30 

An inspection of the parametr ic data summarized in Table XIX r e 
veals that values for the effective fuel time constant range from 0.35 to 
0.50 sec. Each of these is reasonably consistent 'with the value of 0.50 sec 
calculated by Mohr(31) for EBR-I, Mark IV, fuel at full power, full flow, 
and for a low (70°C) inlet temperature . The tendency for the individual 
values to be lower at higher temperature reflects the increased specific 
conductivity of the fuel mater ial . 

The values extablished for the time constant of the delayed term, 
although varying from 1.37 to 2.30 sec, are qualitatively consistently with 
the concept of a t ransport lag (modified by the Storrer(32) correction) which, 
for simplicity, has been considered as a simple time constant in the denom
inator of Eqs. (15) and (16). 

A further inspection of the paramet r ic data in Table XIX resul ts in 
the rather surprising conclusion that in all cases the power coefficient for 
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the radial (delayed) te rm exceeds by a very wide margin the power coeffi
cient for the respective axial (prompt) component. In fact, for one data set, 
that at 930 kW, 294 gpm, and 230°C, the power coefficient for the axial term 
changes sign. (The convention is such that positive values of AQ and BQ r e 
sult from negative values of the power coefficient. Conversely, negative 
values resul t from positive power coefficients.) For reasons discussed in 
detail elsewhere,(•'3) AQ should normally exceed Bo in importance. The 
explanation of why AQ was found to be small , whereas large values were 
anticipated, is based on the concept of individual fuel slug bowing. Appar
ently positive reactivity effects associated with slug bowing were large 
enough to cancel the normally-expected negative effects arising from axial 
expansion, NaK expansion, etc. Evidence strongly substantiating slug bow
ing as a mechanism was supplied by a ser ies of static power-coefficient 
measurements . 

E. Effect of Inlet Temperature on Feedback 

The data presented in Fig. 38 indicate that variations in the inlet 
temperature cause strong changes in the amplitude of the feedback. Unfor
tunately, it is difficult to a s sess the t rue magnitude of the inlet- temperature 
effect from the data of Fig. 38, since each data set was obtained under dif
ferent conditions of power and coolant flow. To obtain a more realist ic 
estimate of the in le t - tempera ture effect, it is instructive to normalize the 
data from two sets to that of a third. If as a first approximation it is 
assumed that the feedback var ies directly as the power and inversely as 
the flow rate, the data sets for 1120 and 930 kW were normalized to the data 
set at 1193 kW. Neither assumption is ser iously compromising since the 
differences in flow rates between sets a re small , and the power coefficients 
of reactivity in the region of in teres t a re , to a first approximation, linear. 

The results of the normalization are given in Fig. 39. Of particular 
interest is the fact that increasing the inlet tempera ture from 73 to 175°C 
results in a large increase in the magnitude of the feedback. Yet, an addi
tional increase to 230°C apparently has little effect. A credible in terpre
tation of these effects is one based on a temperature-sens i t ive system of 
clearances. With the inlet tempera ture low (i.e., about 30°C), it is reason
able to assume that c learances between fuel rods, between fuel rods and 
hexes, and between hexes are at a minimum, since the core clamps and the 
expandable tightening rods were adjusted under these conditions. Except 
for mechanical imperfections in the rods, the core may be regarded as a 
tightly-coupled system of individual rods. In principle, a rib-to-cladding 
contact exists uniformly throughout the system. If the power is increased 
without changing the inlet tempera ture , the jackets will tend to expand 
radially; but since the temperature of the s t ruc ture rings and the outer row 
of 12 blanket subassemblies remains at inlet tempera ture , the full radial 
component of jacket expansion will not be realized. Under these conditions 
the power coefficient will reflect a decrease proportional to the constraining 
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effect. In practice, small radial clearances most likely exist, even under 
idealized tightened conditions, and the radial component will certainly not 
be zero. 

ID-103-1426 

Fig. 39. Inlet Temperature Effect 

If the temperature of the inlet coolant is raised to 73°C to conform 
with the data of Fig. 39, all s tainless-steel components including the hexes 
and structure rings will expand by an amount dictated by the expansion 
coefficient of stainless steel (18.4 x 10" A L / L / ° C ) . Jacket mater ia l will 
also expand, but since the expansion coefficient of Zircaloy-2 (9.6 x 
1 0 " ' A L / L / ° C is much smaller , the effect of an overall increase in tem
perature (at zero power) will be one which tends to open various clearance 
systems. Under these conditions, more "room" is available to accept a 
coUigative radial expansion, with the result that the radial component of 
the power coefficient is strong. If, however, the power is increased in
definitely, clearances will gradually close until the constraining influence 
of the outer hexes is again felt. At this point in power, the radial com
ponent of the power coefficient will decrease. 

Moderate additional increases in the temperature of the inlet 
coolant will result in additional increases in radial clearances. The resul ts , 
as demonstrated by the data of Fig. 39, a re reflected by an increase in the 
power coefficient. At even higher temperatures , clearances between rods 
and between rods and hexes will be such that even at full power, constrain
ing effects will not be felt; i.e., enough room will exist to accept the full 
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unconstrained effects of radial expansion. For these special conditions, the 
radial component of the power coefficient will reach its maximum. From 
Fig. 39 it seems likely that the "saturation" inlet tempera ture lies between 
175 and 230°C, since the increase between these values effects a relatively 
small, perhaps insignificant, increase in the magnitude of the feedback. 

The effect of inlet tempera ture on feedback behavior introduces the 
interesting possibili ty that further increases (above saturation) in inlet 
temperature may lead to a decrease in the radial component of the power 
coefficient. If, for example, the clearances between fuel rods and between 
fuel rods and hexes increase to the extent that the core becomes connpletely 
uncoupled, the radial effects of jacket expansion may no longer be a col-
ligative property. Under such, by no means incredible, conditions, the 
power coefficient may actually decrease to a value comparable in magni
tude to that associated with the completely coupled and perfectly constrained 
core. 

F, Nyquist Stability Criterion 

A measure of the stability of the system may be obtained fronn the 

application of the Nyquist stability cri ter ion. Since the t ransfer function 

G(ia)) is defined by 

the amplitude of the t ransfer function approaches infinity as the product 
Go(iaD) H(ia)) approaches - 1 . 

If it is assumed that feedback var ies l inearly with power, 
Go(ia)) H(icD) may be evaluated as a fraction of frequency for increasing 
levels of power. The resul t is a family of curves which approaches the 
(-1, 0) point as power is increased. An il lustration of the principle is 
given in Fig. 40. The feedback is in all cases that established experi
mentally for 1120 kW, 291 gpm, and 175°C. The intersection of the various 
Go(iai) H(ia)) curves with the constant-frequency lines gives the value of 
Go(iU5) H(iCD) for a par t icular frequency at some specific multiple of 1120 kW 
(full power). Figure 40 indicates that the system is stable for all credible 
levels of power. A continuous increase in power beyond IOPQ (ten times 
nominal full power) could conceivably bring Go(ia)) H(ia)) into coincidence 
with the ( -1 , 0) point. The power level necessa ry to effect coincidence, how
ever, would be an absurdity, considering limitations imposed by melting 
points and capabilities for heat removal . In a pract ical sense, the system 
could never be made unstable by a continuous power increase . 
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L 
G. H 

POWER 1120 Kw 

FLOW 291 GPM 

TEMPERATURE 175' 

G. Extrapolation of the Transfer 
Function 

Essentially the same infor
mation, but in transfer-function form, 
is given in Fig. 41. The upper family 
of curves defines the amplitude for 
various multiples of full power. It 
is interesting to note that as the 
power increases , the resonance peak 
increases in magnitude, sharpens in 
definition, and moves in the direction 
of higher frequencies. Even at IOPQ, 
the increased amplitude poses no 
operational problem. 

The lower family of curves 
gives the phase of the transfer func
tion as a function of frequencies for 
various multiples of power. The 
most significant features are a strong 
tendency for phase values to become 
more positive and a decided shift in 

the phase peak towards higher frequency. Although not illustrated, each 
of the other data sets, when extrapolated, gives essentially the same 
information. 
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Fig. 40. Nyquist Stability Criterion 

Fig. 41 

Extrapolated Transfer Functions 

ZERO POWER 

FREQUENCY. CYCLES PER SECOND 

ID-103-1428 



85 

H. The Effect of/3eff o" Stability 

The effects of a low value of /3g£f (0.00304, in contrast with 0.00685 
for a s imilar U^'^ loading) on the kinetic behavior is i l lustrated in Figs. 42 
and 43. The first of these i l lustrates the case for a feedback that interferes 
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Fig. 42. The Effect of Third Quadrant Feedback 
on Stability 

ID-103-1430 

Fig. 43. The Effect of Fourth Quadrant 
Feedback on Stability 
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constructively with the reactivity input; i.e., the phase is such that feed
back reinforces the input. Shown in vector form are the feedback H(i6o) 
and the inverse zero-power gains associated with plutonium and uranium 
loadings. All three vectors have been evaluated at the same frequency. 
Since the inverse gain is simply 

l/G(ia3) = l/Go(ico) - H(icD), (18) 

it follows that the fractional change in gain caused by a fixed feedback 
(i.e., common to both loadings) is significantly greater for the plutonium 
loading. In one sense, the l/Go(icu) vector for Pu^^' is more effectively 
cancelled by the feedback. 

A graphic illustration of why phase leads were experienced in 
Mark IV and were missing in the Mark III loading is also given in Fig. 42. 
Unless feedback vectors are unusually long, part icularly at higher f re
quencies, it is difficult to shift the phase of l/G(ia)) for a uranium loading 
into the fourth quadrant (where the phase angle becomes a lead). For a 
plutonium loading, on the other hand, a shift into the fourth quadrant is not 
only possible, but likely, at full power and at intermediate frequencies. 
The consequence of shorter l/Go(itD) vectors for plutoniunn is essentially 
this: for a feedback situation in which constructive interference is pos
sible, a small value of /3gff tends to make the system less stable. 

The converse situation, in which the feedback reactivity cancels a 
portion of the input, is i l lustrated in Fig. 43. In both cases , the l/G(i6D) 
vectors are longer than those defining l/Go(itD). An inspection of the vec
tor diagrams of Fig. 42 indicates that the fractional change in l/G(ia:)) 
(Pu^^') exceeds that for l/G(ito) (U^^^). In other words, a given feedback 
that cancels a portion of the input reactivity results in a proportionately 
greater reduction in the gain of a plutonium-fueled system. For the 
conditions illustrated in Fig. 42 (i.e., for a feedback located in the fourth 
quadrant), the effect of a small value of /3gff tends to make the system 
more stable. 

I. Implications of the Results 

The fact that slug-bowing effects can produce an important reduction 
in the prompt negative fuel coefficient has several interesting and perhaps 
important implications. As the trend towards larger , more dilute, cores 
continues, an increasing emphasis will be placed on prompt negative power 
coefficient components which act to reduce reactivity in the event of an 
inadvertent prompt crit ical insertion. If, however, slug-bowing and jacket-
bowing effects are sufficiently large, they may greatly reduce or even over
ride prompt negative effects associated with Doppler broadening and axial 
fuel expansion. For these special, but not improbable, conditions, the 
system would be left with little or no inherent shutdown capability. 
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Since the fuel in EBR-II also consists of sodium-bonded slugs,^33) 
it is possible that bowing may affect the kinetic response of the system to a 
measurable degree. Although it is highly unlikely that such effects will 
introduce operational problems, it is reassur ing, in some respects , to be 
aware of this interesting possibility. 

The effects of operating a system fueled with plutonium are mani
fested pr imar i ly as an increased sensitivity towards reactivity per turba
tions. For a feedback that reinforces the input, the neutron kinetics are 
such that the system tends to be less stable (relative to the case for U^̂ ^ 
fuel). On the other hand, for a feedback that cancels a portion of the input, 
the system will tend to be more stable. As a consequence, for a reactor 
that is fueled with plutonium and is inherently stable, effects that tend to 
counteract t ransient changes in reactivity act more strongly than in the 
U -fueled counterpart . Therefore, normal perturbations in reactor 
power which occur during the operation of a reactor should be smaller 
in magnitude for the plutonium-fueled reactor . 

As a final implication, the fact that power coefficients in small , 
high-power-density systems depend strongly on c learances , bowing effects, 
and differential s t ruc tura l expansion should be of in teres t to the designers 
of space-oriented sys tems . Fai lure to anticipate strong nonlinearities in 
the power coefficient and reversa l s of sign could result in poorly-designed 
and perhaps inadequate systems of control. 



VII. FISSION-PRODUCT MONITOR 

In the event of a fuel-element failure (cladding rupture) in EBR-I, 
minute quantities of fission products will be released directly to the 
NaK coolant. For a minor failure, there is no compelling reason why 
normal operations should be interrupted. Since the pr imary NaK coolant 
is normally highly radioactive (mainly from Na^^), the contribution to the 
specific activity of the coolant from a credible fission-product re lease 
will be essentially immeasurable. All pr imary components a re heavily 
shielded and are inaccessible during and following (for approximately 
one week) a normal operating period. In principle, the reactor could be 
operated indefinitely with essentially no aggravation of personnel-
monitoring problems. 

For a serious failure or for a ser ies of small failures, however, 
continued operation may lead to a fission-product accumulation sufficiently 
large to affect the accessibility of pr imary components for occasional 
maintenance. From the operational point of view, some system capable of 
annunciating and analyzing the seriousness of a cladding failure is a nec
essity. On the basis of information gleaned from such a system, the 
operator may elect either to continue operation or to shut down, locate, 
and replace the damaged rod. Accordingly, a modest effort was devoted 
to the development and testing of a device which seemed capable of promise 
not only for EBR-I but for other Na- or NaK-cooled future fast systems.(34) 

A. Monitoring Principle 

The problem of annunciating the presence of fission products in a 
Na or NaK coolant through observation of fission-product beta-gamma 
activities is essentially one of detecting a small signal in the presence of 
an overriding noise associated with the beta-gamma activity of Na '̂*. Advan
tage may be taken of the fact that certain fission products emit delayed 
neutrons. Suitable neutron detection equipment installed at a downstream 
location should, in principle, be capable of annunciating the presence of 
fission products. A monitoring system based on delayed-neutron detection 
is currently being installed at EBR-II; future testing under actual operating 
conditions will permit a realist ic appraisal of its applicability. 

The necessity of blanketing the pr imary coolant in a fast reactor 
with an inert gas such as argon, however, suggests another interesting 
possibility, since it is known that r a re -gas fission products (krypton and 
xenon) diffuse rapidly into the cover-gas system. In principle, some suit
able beta-gamma detector which monitors the activity of the cover gas should 
be capable of annunciating a cladding failure. In pract ice , it is necessary 
to effect an almost complete discrimination against A*', which is present 
in the cover gas at activity levels many orders of magnitude higher than 
those associated with credible concentrations of r a r e -gas fission products. 
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A simple and extremely efficient method of discrimination against 
A*' was developed and tested, a method which utilizes the selective e lect ro
static fixation of r a r e -gas daughter nuclides. The principle of the fixation 
process is premised on the fact that at the instant of beta decay, each of the 
daughter species becomes a posit ively-charged ion. Accordingly, the cover 
gas is passed through an electrostat ic precipitation unit, which consists 
pr imar i ly of a cylinder maintained at a potential of 2500 V positive. A 
closed-loop wire, driven axially through the cylinder, is maintained at 
ground. Upon beta decay, the ionized daughter species migrate to the wire 
and become electronically neutralized. The wire carrying the neutralized 
daughters passes through a mercury t rap-type gas seal which had a few 
mil l i l i ters of water floating on its surface. The strongly electropositive 
rubidium and cesium daughters react instantly with the water and become 
permanently fixed in the water layer in the hydroxide form. The isotope 
K*', the daughter of A^', also reacts with the water, but since K^' is radio-
actively inert, the activity associated with the water fraction is almost 
exclusively that arising from the decay of various rubidium and cesium 
fission products. It follows that the output from a detector that monitors 
the activity level of the water fraction may be used as a cr i ter ion of the 
fission-product concentration in the cover gas. Details relevant to the 
precipitation apparatus and the detection equipment (a Nal scintillator unit) 
have been given previously. (34) 

B. Test Results 

The testing of the equipment in EBR-I was complicated by the fact 
that under normal operating conditions, substantial quantities of r a r e - g a s 
fission products a re re leased continuously to the cover gas from the 
following sources: (l) vented blanket thermocouple rods, and (2) a small, 
unknown, uranium contamination in the NaK coolant. Obviously, the 
natural existence of fission products in the system reduces the sensi
tivity and the effectiveness of the system. On the other hand, the continuous 
release of fission products from these sources provided an opportunity to 
evaluate the performance of the equipment under the real is t ic conditions 
of actual operation. 

For the monitoring system described above, the possibility exists 
that A*' may be carr ied over into the downstream (monitored) t rap, 
through diffusion, through sorption into the s ta in less-s tee l wire, or through 
some unsuspected mechanism. To test for this possibility and to a s sess 
the degree of discrimination against A'*', 0.1 ml of water was taken from 
the t rap after 2 hr of full-power operation and analyzed with a Nal 256-
channel pulse-height analyzer. The resul ts are given in Fig. 44. Each of 
the gamma peaks may be identified with radiations associated with specific 
isotopes of rubidium and cesium. F rom the spectrum, it is clear that the 
1.29 MeV gamma of A*' is almost completely missing and that the degree 
of discrimination against A*' is satisfactorily high. 
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Fig. 44. Pulse-height Spectrum of Water Fraction 

As the spectrum of Fig. 44 indicates, essentially all the activity 
associated with the water fraction is the result of the decay of three 
fission-product species, i.e., Rb'^, Rb" , and Cs'^*. The half-lives of the 
species are short, being, respectively, 18, 15 and 32 min. In addition, the 
respective half-lives of their p recursors are also short, i.e., 2.8 hr, 
3.2 min, and 32 min. It follows that the decay of p recursors and daughters 
w îll be essentially complete for shutdown periods longer than a few hours. 
During a startup following a prolonged shutdown (overnight, for example). 
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it is clear that the activity level of the water fraction will increase rapidly 
from zero and will eventually reach equilibrium at a time dictated by the 
half-lives of the r a re gases , their p r e c u r s o r s , and their immediate 
daughters. 

To evaluate the feasibility of differentiating the effects of fission-
product re lease during a cladding failure from those associated with 
normal r e l ease , it was necessa ry to separate the saturated normal response 
into the following components: (1) environmental background, (2) reactor 
background, (3) A^' background, and (4) the normal rubidium-cesium signal. 
Since details of these measurements have been given previously,(34) it is 
sufficient mere ly to cite the actual resu l t s , listed in Table XX. F rom 
Table XX, it may be seen that the ratio of normal rubidium-cesium activity 
to the sum of all other background components is approximately 0.58. 
Similar measurennents ca r r ied out with a previous loading (Mark III) r e 
sulted in a rat io value of 8.0. The striking difference reflects the removal 
of 12 vented fuel thermocouple rods which released approximately 14-fold 
greater quantities of fission products to the coolant. 

Table XX 

INTENSITY OF BACKGROUND COMPONENTS, 
EBR-I, MARK IV 

Component Source Intensity, cps 

4 
36 

0 
23 
63 

To obtain some real is t ic measure of the time response and the 
strength of the signal resulting from the failure of a typical fuel rod, a 
simulation experinnent was ca r r i ed out. Twenty unclad enriched uranium 
foils, each 1 x 1 cm, were packed into a NaK-ventilated basket which, in 
turn, was installed near the edge of the core in a NaK-ventilated thimble. 
The combined area of the 20 foils was chosen to coincide with the exposed 
area of fuel in a typical Mark IV fuel rod. 

The resul ts of measurements conducted at 900 kW (full power, 
1200 kW) are i l lustrated in Fig. 45, which gives the activity associated with 
the water layer as a function of time after reaching operating power. The 
lower curve, obtained under normal operating conditions, gives a true 
measu re of the background level. As expected, the activity, extremely 
low shortly after startup, increases rapidly and eventually reaches sa tura
tion approximately 3 hr after startup. Repeat measurements conducted on 
three successive days demonstrated the reproducibility of the resu l t s . 

1 
2 
3 
4 

Total 

Environmental 
Reactor 
A*' 
Rb-Cs 
All Sources 
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The upper curve of 
Fig. 45 gives the resul ts of 
measurements car r ied out 
with the unclad enriched 
uranium foils in position and 
and with all other conditions 
unchanged. Hence, for any 
given t ime, the intensity 
difference between the two 
curves gives a measure of the 
fission-product release from 
the unclad foils. To permit 
a reasonable evaluation of the 
effect expected from the fail
ure of a single Mark IV fuel 
rod, corrections for the dif
ference between P u " ' and U"^ 
fission cross sections have 
been applied to the data 
illustrated. 
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Fig. 45. Fuel-rod Failure Simulation, 
EBR-I, Mark IV 

From the results of 
Fig. 45, it is clear that the 
strength of the fission-
product signal from the simu
lated failure is approximately 

five times that of the normal (combined) background signal. It is reasonable 
to conclude, from the results of this somewhat idealized experiment, that 
the release of fission products from the failure of a single Mark IV fuel-
rod cladding would be detectable. 
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